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PREFACE

J

The present revort deals with the reduvction of frictional drag
by maintaining a more extended laminar boundary layer, particularly
with the aid of boundary-layer suction. The first chapters treat
publications in this fileld, the causes of the boundary-layer transi-
tion and a few laminar profiles without boundary-layer suction.
Next, tests with laminar suction profiles are described. The

was geparately examined.,

: The present report was begun in 1940 and financilally supported

by the Committee for Study of Aviation. I feel obliged and am
glad to express here my sincere gratitulde to thls committee and
particularly to its president, Prof. W. J. Ackeret for energetic
support of my work.
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TECHNICAL MEMORANDUM NO. 1181

INVESTIGATIONS ON REDUCTIONS OF FRICTION ON WINGS,
IN PARTICULAR BY MEANS OF BOUNDARY-LAYER sucTION”

By Werner Pfemmingsr
CHAPTER. 1

INTRODUCTION, ABSTRACT

. 1. General Remarks -

»

Thé‘dfag,of an airplane consists of the induced drag, the

frictional and form drag of wing, fuselage, tail unit, and,

occasionally, radiator drag. Investigatlicns have showm the
frictional drag to be the main pcrtion of the dras, " Thus the
reduction of surface friction has gained con81derab]e importance
during the last years. : -

Since the laminar friction is, in general, considerably
lower than the turbulent friction, the frictional drag could be
reduced by a laminar boundary layer as long as possible. The’
aim of the tests described here was to keep the boundary layer
completely laminar up to the trailing edse of the wing.

2, Earlier Reports Published on the Reduction of

| Frictional and Profile Drags and on Related Fields
(a) The possibility of reducing friction by maintaining a
laminar boundary layer for a longer time has been mentioned by

B. M, Jones (reference 1), B. M. Jones oroved later (reference 2)
that on finished wing profiles in flight there might appsar =

5 laminar boundary layers of much greater extent and with the

" "Untersuchungen iiber Reibungsverminderungen an Tragfliigeln, -
insbesondere mit Hilfe von Grenzaschichtabsavgung' Mitteilungen aus
dem Institut fir Aerodynamlk an der Eidgendssischen Technischen

'Hochechule in Zirich Herausgegeben von Prof. Dr. J. Ackeret Nr., 13,



2 NACA ™ No. 1181

transition point lying farther to the rear then was expected so
far (compare Serby, Morgan, and Cooper (reference 3)). B. M. Jones
(reference 2), Squire-Young (referencs 4), Pretsch (reference 5),
and Serby, Morgan, and Cooper- (reference 3) investigated to what
degree the transition-point position affects the frictional and
profile drag.

According to these investigations a farther rearward position
of the transition point should meke low profile drags possible
even for thicker profiles at higher Reynoldes numbers, Re. In
fact, tests on "laminar profiles" of this type resulted in con-
giderably smaller profile drags, particularly for weak external
turbulence and larger Re (references 6, 7, snd 8). During the
gsecond world war these laminar profiles were thoroughly investigated
in various countries,

(b) The position of the transition point depends mainly on
the external pressure distribution, the external turbulence, and
the nature and curvature of the surface. The influence of the
external pressure distribution on the transition-point position
was investigated by B. M. Jones (reference 2), Serby, Morgan,
and Cooper (reference 3), Hall and Hislop (refsrence 10), G. I. Taylor
(reference 11), Faye and Preston (reference 12), Schubauer
(reference 13), Faye (reference 1lL), etc. Flight tests by Jones
(reference 2), Serby, Morgan, and Cooper (reference 3), and the
NACA (references 9 and 15) showed that for "clean" surfaces transi-
tion in flight generally tskes place in the region of the polnt
of separation, even for higher Reynolds numbers. Wind-tunnel tests
at moderate Re showed that the transiticn after a slight pressure
increase, in general, takes place shortly after the separation
point of the laminar layer as long as the exiernal turbulence does
not affect the transition (for instance, Hall and fAislop (refer-
ence 10)). A similar behavior in transition was found on bodies
of revolution (reference 16),

(c) Under the influence of an externsl turbulence the transition
for higher Re occurs sometimes at a considerable distance before
the point of laminar separation. The dependence of the transition
on an external turbulence was studied by G. I. Taylor (references 11,
17, and 18), von Kermén (references 19 and 20), Dryden (references 21
to 2h), L. Prandtl (for instance (reference 25)), Schlichting
(references 26 and 27), Tollmien (references 28 and 29), Schubauer
(reference 13), Faye and Preston (reference 12), Faye (reference 30),
etc. For weaker external turbulence, in general, higher critical
Reynolds numbers are obtained at the point of transition; compare,

for instance, B. M. Jones (reference 2), Hall and Hislop (reference 10),

Tani (reference 7), Lewis (reference 6), and also (reference 15).

o
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For acceleratedlflow, foo, there result higher critical Re,
compare Dryden. (reference 21) and Peters (reference 31).

(d) For application of laminar profiles in flight for higher
Re, knowledge of atmospheric turbulence and its influence on the
trangition is important. The atmospheric turbulence was investigated
in flight with hot wires, among others by Stephens and Hall (refer-
ence 32). These.two authors reached the conclusion that in thelr
tests the influence of the atmospheric turbulence on the transition
was negligible,

American flight tests on a laminar profile of 15.9-percent
thickness at Re = 17 X 109 confirmed this result (reference 15).
The influence of the wall curvature on the transition was investigated
experimentally, for instance, by M. and F. Clauveer (reference 33)
and theoretically by H. GSrtler (reference 34).- The measurements by
Clauser showed at the transition for convex (or concave) wall
curvature higher (or lower) Re than for a straight wall (compare
also L. Prandtl (reference 35) and Rayleigh (reference 86)).

(e) The influence of surface disturbances on the transition
(roughnesses, turbulence wires, trip wires, rivets, unevenesses in
the sheet-metal skin, surface leaks, waves, etc.) was investigated,
for instance, by Young (reference 36), Hood (reference 37), Tani
(reference 38), and Faye and Preston (reference 12). Tests of
the author showed that laminar profiles at higher Re are sensitive
to waviness of the surface and that surface leaks must be avoided

- in order to prevent the air from being sucked from the wing

interior and the boundary layer thus from becoming turbulent.

(f) The pregsure distribution of suitable profile shaves
may be calculated with the aid of conformal mapping, for instance,
according to Theodorsen (reference 39) (compare also references Lo,
41, and 42), The singularity methods which replace the profile
by vortices, sources and sinks, take less time for the detailed
numerical calculation, but are less accurate. From the pressure
distribution one may calculate the development of the boundary
layer in the laminar and turbulent part of the profile.

(g) The laminar boundary-layer development may be determined,
for instence,. according to Pohlhausen (reference 43), Falkner and
Skan (reference hl), Falkner (references 45 and 46),. and Howarth
(reference 48), TFor moderately accelerated and slightly retarded
flow the approximation method of Pohlhausen is well applicable as
demonstrated by a comparison with Falkner's method (references 45
and 46) for an external velocity distribution U = kx. According
to Pohlhausen, the laminar-plate friction (pressure-gradient zero)
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is overestimated by 3.3 percent. (Comparison with Blasius (refer-
ence 47).) According to Howarth (reference 48), the laminar
separation starts in the case of the external velocity distribution

U="Uy - bx at A= §$ "% -7.,5 instead of A = -12 according to "

Pohlhausen. For the case 'U = kx'o°o90} the method of Falkner
(references.t5 and 46) results in boundary-layer pfofiles vith
vertical +angent already at A ,~5._

o Howavth (reference 51) gave a compilation of various methods
for. calculation of the laminar boundary-layer development.
L. Prandtl (reference 49} and H. GSrtler (reference 50) investigated
the laminar boundary-layer. development by exact calculation and
compared the different known solutions with each other.

v Tomotika'(reference 52) developed a method corresponding to
that of Pohlhausen for the three-dimensional case.

(h) The turbulent boumdary-layer development msy be calculated
according to A. Burl (referenoe 53), Gruschwitz (reference 54),
Kehl (reference 55), Squire-Young (referance L), and Younz (refer-
ence 56). In most cases, the turbulent shear stress at the wall
is the same as that for the flat plate with turbulent low without

. *
preggure gradient for equal Reg. The ratio %; = H wasg frequently

assumed constant (E = 1.4 for not too large pressure increase).
Otherwise, H could be determined from turbulent boundary-layer
measurements as a function of the pressure increase (compare, for
instance, Gruschwitz (reference 54)). The turbulent boundary-
layer development along the flat plate without pressure gradient
was investigated by Th. von Karmen {references 57 and 58) and

L. Prandtl (reference 59).

The boundary-layer development of the wake may be calculated,
for instance, according to Squire-Young (reference 4),
3. Influence of the Transition-Point Position on the
Profile Drag for Larger Reynolds Numbers;
Statement of the Purpose
For slightly c gered profiles of various thickness ratio
i/t at Re = 15 x 10° the profile drag was calculated according to

Squire-Young (reference 4) for various positions of the trensition
point. x/t (compare fig. 1). Furthermore, the profile drag was
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" calculated for a profile of 16-percent thickness for various Re
and different positions of the transition point. (See fig. 2.)

For a rearward movement of the transition point at larger
Re, Cw would drop to low values. In the ideal case (voundary

layer kept completely laminar up to the trailing edge), even
thicker profiles would give very low drags for larger Re's.
Thicker profiles gre structurally more favorable and permit larger
spans, thereby reducing the induced drag which would regain
significance due to the decrease of the frictional drag. Moreover,
thicker profiles permit a more favorable installation in the wing
of fuel tanks, power plants, other loads, and finally, suction
ducts. Furthermore, thicker profiles possess higher maximwm 1ift
with suitable high-1ift devices, For faster airplanes the maximum
profile thickness is probably dependent on the stipulation of
sufficiently small superstream velocities in order to reach high
Mach numbers without compresgion shocks.

. According to these considerations, the following aim was set:
Development of thicker profiles with small superstream velocities
where the boundary layer remains, in flight, at high Reynolds
numbers, laminer as far toward the rear as possible, if possible
ag far ag the trailing edge. The maximum 1ift for take-off and
landing is to be as high as possible.

The possibilities of keeping the boundary layer laminar
for a long time are, for instance:

(a) Use of profile forms where, by special design of the .
contour, the transition ig shifted rearward (flat pressure
distribution with small superstream velocities and delayed pressure
increase)

(b) Preventing the boundary layer from becoming turbulent
by means of boundary-layer suction, poseibly in- combination with
profile forms with flat pressure distribution. -

In order to study the methods for keeping the boundary
layer laminar for a longer time, one must know the presumable
cauges of transition.
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CHAPTER 2
- CAUSES OF TRANSITION
1. Influence of the External Pressure Gradient

on the Transition

Transition tests showed that, in general, the transition
tekes place after a slight pressure increase in the neighborhood
of the point of laminar separation, as long as an external tur-
bulencc does not affect the transition (references 2, 3, 10, 12,
13, 15, 16, and 60). These obssrvations were confirmed by tests
of the author, for instance, on an NACA 0010 profile (fig. 3), on
laminar profiles of 10-percent and lh-percent thickness (figs. b
and 5), on a body of revolution (fis. 6) and, later, by laminar
suction tests. With increasing Re the transition point moves
forward more slowly for laminar profiles than for so far conven-
tional ones. '

These tests, as well as those of chapter 3 and the later
suction tests of chapter 4, 4C, chapter 6, 3, chapters 7 and 8,
wers preformed in the large wind tunnel of thé Institute described
in reference 6la. The wind-tunnel turbulence was

2
u -\
T 0

The pressure gradien% in the adjustable'test section 18 very small.

In figure 3 the pressure distribution él is plotted on an

L0

NACA-0010 profile (soc far conventional profile form) for cg = 0
Ust

and various Re = .éL. along the chord (UO free-stream velocity,

t = chord = 0.6C m). The static pressure P was measured thrpuéh
0.5 millimeter ¢ bore holes compared to the static pressure D,
in the test section without wing. The free-stream stagnation
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pressure was g, = £ - Do (go = undisturbed total pressurel).
The positions of the transition point (arrows)‘were ascertalned
from the break in the pressure-distribution curves at the transi-
tion (compare transition tests on NACA 0010-profile with soot
coating and stethoscope (reference 6lc)). For larger Re the
determination of the position of the transition point from the
break in the pressure distributions became unreliable. With:
increasing Re the transition point shifts rapidly forward.

In figures 4 and 5 the pressure distribution p/qo of two
laminar profiles {fig. 12) is plotted versus the chord with
4/t = 10 percent, t = 0.74m;d/t = 14 percent, t = 0.70 m. -
The static pressure p was meagured with a static-pressure tube
of 4 = 2.0-millimeter diameter, which was put tangentially to
the test polnt in the flow direction versus p, (static pressure
in the test section for "tunnel-empty" condition). The four
0.% millimeter @ connecting static-pressure holes of the static-
pressure tube wers located 10 millimeters behind the semicircular
head and 100 millimeters ahead of the sting of 3.0 millimeters .

. A comparison of pressure~distribution measurements on a laminar

profile of 1k.7-percent thickness and 2.4-percent camber of the
profile mean line showed -that p/qo on the upper and lower side,
respectively, was measured with the static-pressure tube on the

‘average by 0.007 and 0.004, respectively, too high, as compared

with the measurement by means of connecting static-pressure holes.

The transition (arrow) was determined by means of the
stethoscope (reference 61lc) and from the break in the pressure-
distribution curves (reference 1k).

1By means of an annular equalizer opening at the end of the
closed test section one succeeds in egtablishing there atmosvheric
pressure (for model present and tunnel empty condition). The

-undisturbed static pressure for "model present" very far in front

of the model is approximately equal to the static pressure p, in
the test section at the location of the model if the tunnel is
empty (neglecting of the wake behind model and suspension).

It is self-evident that thereby the profile properties are
given in such a manner as if . the profile were working in a closged
tunnel, not in the wnlimited alr stream. Since the models investl-
gated here were small relative to the tunnel cross section (2.1 x 3m,
octagonal), the respective jet correction was omitted (about a
corresponding correction of 897 Ugs Po Ffor larger model dimensions
for two-dimensional flow. (See chapter 8.)
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The pressure distribution 2 s plotted on figure 6 for a

body of revolution of % = 0.212 at 0.h7 X I, from the front
for symmetrical flow at various ReL Tf’ (D = meximum diameter

of* the ?fdy of revolution, L = length of the body of revolution
= 0.85m). : : , ‘ ‘

The body of revolution was held from behind by a cylindrical
sting, suspension wires on-the body were avoided. p was measured
Versus P, (static pressure in the empty tunnel) by means of a
2.0-millimeter @ static-pressure tube.

The position of the transition point (arvow) was ascertained
with the stethoscope and from the break in the pressure-distribution
curve. The slight superstream velocities result in = pressure
increase and transition far to the rear.

Drag measurements: At the end of the body of revolution at
the juncture to the sting the boundary-layer profiles were measured
for symmetrical flow at various Rer. The total pressure g in
the boundary layer was detérmined by means of a flat total head
tube of 0.2-millimeter x 2.5-millimeter inner cross section and
0.5-millimeter external height. The static pressure in the boundary
layer was measured by means of a 2.0-millimeter static pressure
tube. From the boundary-layer measurement at the end of the : #
body the momentum-loss avea X, far to the rear was caleculated
for the undisturbed static pressufe Po according to Young
(reference 56).

X = 27 f kS ( - 2)1- dr far tovard rear
wake U U ‘ ' o

The drag coefficient cyy and cy , referred to the body
surface area O = 0.369m® and the maximum cross-section area’

E>x D2 = 0.025h m., . respectively, then bocomés:

ox oo

o e = -3 - v = 0.0570 m
ot o 2 CW?/B \?7'3?’ (V = Volume) .
r =D :
l‘, N

Sy, (ReL) is plotted on figure 6. “cwo decreases with Rep, at
first similarly to the, frictlon of the lamlnar flat plate .



NACA ™ No. 1181 9

CWP 1. 328 see Blasius (reference.h7) and increases again for

higher ReL, due to more pronounced shifting forward of the

transition point {observations byvstethoséope), caused by the
tunnel turbulence. The minimum drag cosffieient referred to the
maximum crogs gection resulted as Cug = 0.0196. For smaller

Re, stethoscope observations showed that the boundary layer at
the end of the body undergoes laminar separation and does not
readhere with the propertieg of a turbulent boundary 1ayer, therby
greatly increasing pressure and total drag.

The position of the transition p01nt cen pe determined in
different ways:

{a) From hot-wire obscrvations (compare, for instance,
Dryden (reference 21))

(v) By measurement of the total surface pressure along the
chord with a fine total head tube (references 2 and 10)

(¢) By boundary-layer measurements (compare, for instance,
(reference 16))

(d) From the break in the pressure-distribution curve at
the transition, caused by the sudden decrease of the
displacement thickness 5% at the transition (compare
A, Fage (reference 14) and the pressure-distribution
curves of figures 3, 4, 5, 6, 39, k0, 77-80, etc.,
compare also calculatlons by A. Betz (rePerence 77)
‘for discontinuous change of the curvature)

(e) Acoustlcally by stethoscope observations (reference 6lc)
(f) By soot coating (reference 6lc)

(8) By measurement of the total head of the boundary layer
along the chord at a greater distance from the wall
{reference 2)

As long as the transition is caused by an external pressure
increase and not by an external turbulence, it takes place in a
narrow comparatively well-defined zone. The methods indicated
then yield, in general, the transition-point position reliably.

Presumable cause for transition: According to Rayleigh
(reference 62), Tietjens (reference 63b), and Tollmien (reference 29)
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laminar boundary-layer profiles with inflection point, as they
originate with rising pressure, are unstable. Transition tests
showed that the transition occurs when laminar boundary-layer
vrofiles having & slight rearward flow in the neighborhood of

the wall exist (compare, for instance (references 10, 13, and 78),
this was confirmed by transition obssrvations of the suthor with
soot coating for medium PRe. The originating of sufficiently
strong vortices in the immediate neighborhood of the wall (as they
form, for instance, for larger laminar pressure increase, for
discontinuities in the surface, by an external turbulence, or for
tube flows with sharp-edge inlet) seems to be required for the
transition (compare L. Prandtl (reference 63a), J. Patry (refer-
ence 64), and L. Schiller (reference 79)

The Reynolds number Req = gw%ri referred to the distance 1

between the laminar separation point and the gtart of transition
resulted as Rej = 40,000 to 70,000 =as long as the external
turbulence does not affect the transition (compare references 9
and 10, confirmation by measurements of the author). U = mean
velocity at the edge of the boundary layer between laminar
geparation point and start of transition.

For very weak external turbulence and larzer Re the tran-
sition for laminar profiles is probably to be expected in the
reglon of the laminar separation point.

2. Influence of an External Turbulence on the
Transition; Turbulence of the Atmosphere

(a) Various drag measurements and transition measurements on
flat plates, profiles, and bodies of revolution had shown that for
larger Reynolds numbers the transition, under the influence of the
external turbulence, takes place considerably farther in front and
that the drag increasss again. The same observation was made in
tests of the author on laminaf profiles without boundary-layer suction
(see, for instance, (Re) of a profile of 3.35-percent

thickness (chapter T: f*g. 88, curve a, and corresponding position
of the transition point, fig. 8 also figs. 7, 8, and 10) and on

a body of revolution with flat pressure distribution and transition
lying far back (fig. 6, chapter 2, 1). For larger Reynolds numbers,
individual turbulent bursts were determined in the boundary layer
with a stethoscope which occur more and more frequently downstream
with increasing boundary-lesyer thickness until the boundary layer
becomes fully turbulent. The transition takes place in a more or
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less wide transition region; its positionis less resdily ascertalned
according to the methods indicated in chapter 2, 1 than in the case
of transition dve to external pressure increase. A renewed increase
of the profile drag due to the external turbulence was also observed
for laminar profiles with boundary-layer suction, for larger

Re = -%; (figs. 18, 88, 95 or chapter 4, ke, chapters 7 and 8).

(v) Causes of transition for transition due to an external
turbulence: By the external turbulent velocity fluctuations
considerable velocity fluctuvations in flow direction originate in
a boundary layer (see Tollmien (reference 28b), G. J. Taylor (refer-
ences 11 and 18) and Dryden (reference 21)), thus causing temporarily
- unstable boundary-layer profiles with inflection point and finally
reverse flow in the neighborhood of the wall. The transition then
occurs, as In the case of larger laminar pressure increase, due to
the formation of vortices at the surface. There originate isolated
turbulent discontinuities which become more and more frequent
downstresm with increasing boundary-layer thickness until the
boundary layer is fully turbulent.

G. I. Taylor (reference 18), Hall and Hislop (reference 10),
Fage and Preston (reference 12), and Fage (reference 30) attempted
to find a criterion for the transition due to an external turbulence.
They assumed that the transition starts when there originate, under
the influence of the extermal turbulent pressure fluctuations,
momentarily boundary-layer profiles with vertical tangent, that is,
A Pohlhausen = -12, or, respectively, its mean sauare value

i

; , o X
'?\"! = - 82 dp ...}\ll
\ix/ -~ critfgcal~

fecording to Gi I, Taylor (veferences 11 and 18) turbulent
pressure fluctuations originate -in the case of an external tur-
bulence, their mean square value ig, for isotrope turbulence,

e 1
V dx dx A

i}
with
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xn‘ is a parameter connected with the diffusion in a turbulent
flow (h = length of the diffuaion)

(k and A - (mean magnituﬁe of the Smallest vortices

,significant for the diseipation) were, for instance, experimentally
determined by Hall and Hislop (reference 10) from temperature
distribution measurements behind a heated wire and from measurements
of correlation behind grids.) .
/ dp\'

Taylor deduces by insertlon of f3~ i for isotrope turbu-
lence behind a grid (mesh w1dth M) that the critical Reynolds

Ux.

number Rexoritical = B Jeritical

(M)O B (—%f) ( critncal) (Ux>critzca1 (M (U) (3-)-’\—[;}-/—5 ;?-)2

.

.15 a function of"

vherein A = céﬁstant,

§—

Ay [V
M- A\,Mv?r

according to Tajlor.' This relation was experimentally tested by
Hall and Higlop (reference 10). According ?Q it, Rexcritical

increases with diminishing values_(ﬁ) ' 36) gomevwhalt more slovly

than according to the theory, that is, . s decreases with

- , critical
increasing Rexcritical' This circumstance may perhaps be explained
from the fact that a sufficiently strong reverse flow at the wall
(A< -12) and not only X = -12 /(vertical tangent to the velocity
profile) is decisive for the transition. Tor small Rex larger

negative A-values are necessary for the transition if one assumes
the reverse flow required for tran31tlon to be of equal gtrength
(with equal circulation).

Turbulence criterion of Fage (reference 30): Under the
assumption that the transition starts when momentarily a critical
negative A-value is reached due to the turbulent-pressure
fluctuations, Fage finds that the value

gL 33538011:50 06()( )02
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ogght to be constant, with o

L turbulence scale(:/;y d%) ' o

Ry correlation for veloclity fluctuations in 2 points at distance
y 7perpendicular to flow

Ue

v

Reg = (' ) at the transition
critical critical

Fage finds that & decreases with increasing Reecritical

For accelerated or for retarded flow the transition occurs,
due to extermal turbulence, at higher or at considerably lower
Reg -values, respectively, compare, for inestance, figures 3

critical s o E ’ _
and 4. Influence of the atmospheric turbulence on the transition:

. The turbulence measurements in flight by Stephens and Hall
(reference 32) had given the result that, in their tests, the
influence of the atmospheric turbulence on the transition was -
negligible. In most cases, the turbulence-degree of the atmosphere

was very small: %% * 0,0003 for U % 46 m/sec in calm air,

U = velocity outside the boundary layer. Considerably larger
turbulent fluctuations were found for unstable stratification of

the air (u'/U ¥ 0.003 for U = 46 m/sec), however; due to the
turbulence scale which was so much larger. than in the wind tunnel,
their effect on the transition was, according to Stephens and Hall,

of secondary importance. {(Magnitude of the smallest vortices ~ 0.3 m) .
Stephens and Hall found the fluctuations in the boundary layer to

be considerably smaller in flight than in wind-tumnel tests (refer-
ence 21). The same observation was made in tests of laminar boundary
layers in tunnels of low turbulence (reference 6) and in tests of

the author with a tube flow at low turbulence. American measurements
in flight on a laminar profile of 15.9-percent thickness seem to
confirm that the atmospheric turbulence affects the transition only
slichtly, even for larger Re (reference 15): For Re = ESE‘= 19 x 1,06
and a Mach number M = 0.52 the measured value was cy = 0.0030,

which from the viewpoint of calculation would correspond to a mean
position of the transition point (mean of upper and lower side) of
about 0.68t from the front in the resion of the point of laminar
separation. From boundary-layer calculations, shortly before the

transition give a Reynolds number Repy = W . 2600, referred to the
] Y] ’
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momentum loss thickness € and the velocity U at the edge of
the boundary layer, that is, essentially more then was observed
in conventional wind tunnels.

0 = momentum loss thickness = [6 4 - %) dy
: Jo U i)

: 2]
5 = displacement thickness = /h (i - %) dy
. S : Jo N U .

with
& total boundary-layer thickness
v velocity in the boundary layer at the distance‘from the wall ¥
U flight velocity

Tests of the author with & laminar-tube flow in the starting
region showed that considersably hlrher Re can be reached for a
free stream free of turbulence. '

Tests with a laminar-tube flow in the startins region.- The

purpose of these tests was to obtain hich laminar Reynolds numbsrs
by means of a laminar-tube_flow in the starting region.

Tegt arrangement.- A conical inlet funnel of 0.9 meter lensth
" (maximum diameter at the entrance 0.18 m) was filxed to one end of
8, cylindrlcal anticorrosion tube of 6 meter len~th and 0.025-meter
inner diameter. The transition to the tube was smooth. At the
entrance of the inlet funnel was a rectifier conslsting of circular
tubules of 3 millimeters ¢, about O.l-millimeter wall thickness
“and 0.2 meter len~th in stacks. A Laval nozzlé was attached to

" the other end of thé tube which was connected with the evacuated
supersonic tunnel of the Tnstitute (reference 6la). The air was
sucked from the space. The air motion at the entrance of the inlet
funnel was kept as small as possible.

Measurements .~ The static pressure slong the tube was measured
with 0.8 millimeter ¢ connecting static-pressure holes with the
atmosphere as reference level. Further, the state of the boundary
layer alongs the tube was teosted with the stethoscope (refesrence 6lc)
which was attached to the static-pressure holes. Constent air
velocity was obtained through the Laval nozzle at the rear end of
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the tube and disturbances from upstream affecting the boundary
layer of the tube were avolded. With this test arrangement the
tube flow could be kept laminar up to considerable Reynolds
numbers, it is true, accelerated flow existed. The maximum
stagnation pressure at the end of the tube, in its center, with
laminar boundary layer up to the end of the tube, amounted to
180 kilograms per metere, corresponding to a velocity of 56.5 meters
per second in the center of the tube. The numerical evaluation,
according to L. Schiller (reference 83), resulted in a total
boundary-layer thickness 5 = 6.2millimeters at the tube end and
the following Reynoldg numbers:-

Reg, = 2400 Reg,” = 6150
and

6

13.9 x 10

=
b=
o
ROV o
Ty
L0}
o
e
ke
vi’\)
i

with
R .—.Ee,laa-.ﬁﬂ -u\rar - r
A v’ L o U UR( )

U velocity at the edge of the boundary layer |

*
Us 8
*__....-.l"- *_ - uy ra -
Reg, =3 By ,fo( ﬁ)ﬁd(R r)

! velocity in boundary layer

r variaﬁle“radius
R tube radius (0.0125 m)

So far, sphere or hot-wire measurements were performed
frequently for determination 'of the turbulence. The sphere test,
in particular, becomes unreliable when the external turbulence
is very weak. For many purposesy for instance, the application
of wind-tunnel tests on laminar profiles to flight conditions,
the Reg-values, vwhich can be obtained with a laminar boundary
layer and a flat pressure distribution, are the main object of
interest. The manner in which these values are reached is often
of little importance.
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CHAPTER 3

LAMINAR PéOFIEES WITH THE TRAN%ITION TAKING~PLACW FAR
TOWARD THE EEAR (WITEDUT BOUWDARY—LAYER SUCTION)

1. General Considerations

Since the transition occurs mostly after a slight pressure
increase, probably those profile forms will be favorable for
keeping the boundary-layer laminar for a longer time in which the
pressure distribution is flat and the pressure increase lies far
toward the rear. The flat pressure distribution results in smaller
superstream velocities and thus higher Mach numbers without
compression shocks; of couvrse, separations in the region of the
pressure rise must be avoided. . ’

Profiles with such pressure distrlbutions have the maximum
thickness at (0.kt to 0.5)t fiom the front.
2. Preliminary Tests on Laminar Profiles
for Smooth Entrance”

A-few plightly cambered laminar profiles of various thicknesses
were designed according to these considerations (fig. 9).

The profile drag ﬁas determined for smooth entrance for various
- Uat
Re = ——— by mesns of the momentum method. (See, for instance,

reference 6lc) (fig. 10).)

The laminar profiles investipated here are, for larger Re,
superior with respect to drag to profiles of equal thickness used
so far., (Compare with the NACA profile 23012.) With increasing
Re, Cur,, decreases more rapidly then for conventional profiles.

The drag increase for larger Re (caused by the faster forward
travel of the transition point due to the external turbulence)
starts at higher Reynolds numbers than it did for profiles used
so far.

%amooth entrance: No flow around the profile mean line at
the nose of the wing.

¥y
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Tor smaller Re the laminar profiles become more unfavorable
with respect to drag since the boundary layer remains laminar for
too long, therefore undergoes laminar separation in the rear part
of the profile and does not readhere again in a purely turbulent
manner. (Observations by stethoscope,);~The pressure drag is
thereby strongly increased, By artificially creating a turbulent
boundary layer in the region of the point of laminar separation
it is possible, in many cases, to prevent a more extensive laminar
geparation and to obtain a turbulent readhering of the boundary
layer connected with a corresponding drag decrease. Thus, the
drag of the thin laminar profile number 7 for smaller Re could
be essentially reduced by blowing-off of air from fine blowing
holes which rendered the boundery layer in the region of the point
of laminar separat*on turbulent.

The blowing holes of 0. 8~m13limeter ¢ eand 5-millimeter
length wero placed vertically to the wing surface, they were on
the upper side 133 millimeters, on the lower side 91 millimeters
ahead of the trailing edge. ' The wing chord was t = 0.60 meter,
The spacing of the holes was 26 millimeters. The total energy of
the air at the entrance of the blowing holes was practically squal
to the undisturbed total head in the tunnel, Turbulent wedges
originated behind the blowing holes (observations by stethoscope and
with soot coating) which rapidly fused, thus causing the boundary

layer to become turbulent over the entire span.

The mean profile drag Cyp,, OVEY the series of sgaoed holes
was measured by the momentum method at various Re = “9., The
v -
following drags resulted: -

‘Re = 1.65 X 106, 1.13 % 106, 0.76 X 106, 0.52.x 107

Gy = 0.0033,0.00365, 0.00425, 0.0053

Cye Was reduced mainly in the region Re = (0.6 to 1.7) X 106

A further slight drag reduction for smaller Re (0.3 X 166

- t0 0.6 X. 106) was obtained by placing the 0.8 millimeter ¢

blowing holes farther to the front of the wing (on the upper
surface 155 millimeters, on the lower surface 110 millimeters ahead
of the trailing edge) for equal spacing of the holes. Test resulis:
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Re = 0.33 x 106 050 x 105, 0.68 x ‘105, 1.10 x 105
Crge = 00063, 0.0051, 0.00L45, 0.00395

For larger Re, c is larger than Tor the case of the blowing

Weo
holes lyinz farther toward the rear.

W
the optimum .cw&;values for the most favorahle position of the

blowing holes in the direction of the chord.

The dashed ¢ -ourve of figure 10 of profile number 7 gives

Further tests showed that the spacing of the holes, the hole-
dismeter, and the total head at the entrance of tlie Blowing holes
may be widely varied in order to make the boundary layer for
smaller Re artificially turbulent. For smaller Re, boundary-
layer measurements at the trailing edge of the wing, with and
without blowing holes, resylted in considerably thinner and fuller
boundary layers (larger 8 /6“values) when air was blown into
the bpuq@ary layer.,

Similar tests showed that a laminar boundary layer can be made
turbulent in a desired place by other measures, too (steps in the
surface, considerable roughnesses, etc.), compare, for instance,
the tests with the profile number 32 of 6-percent thickness with
disturbances. (See the appendix.) An increase of the angle of
attack beyond the angle of smooth inflow has the same effect in
obtaining for smaller Re a turbvlent readhering on the upper
side and, hence, a smaller profile drag. (See profile-Arag polars
of the propellor profile number 11 for smaller Re (Tig. 11).)

3+ Laminar Profiles for Propellers \
On the basis of the preliminary tests described above, propeller

profiles with highest possible lift-drsz ratlos were developed at

moderate ¢, and with small superstream velocities. A few test

results on a propeller profile of 9-percent thickness (number 11)

are shown as an example. (See fig. 11.)

The corresponding profile coordinates may be seen from the
table of coordinates.
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The mveetigated. wing wee a rectengule.r wing of b = 1.50 meters
span, t = 0.252 meter chord and F-z 03376 metere area of projection
(= area of reference). The wing ende , Seen from the front, Were
rounded eemicircularly. (Ses,. xﬁ'er instance, reference 610 b /F 5.98.)

Measurements - (e) Determination of.

~ 4 M -
- = A = W t/h-
Ca W o Cw '-*-: Cmt /= ‘10%

b0 A

for verious ‘anglee of attack by meane of three%omponent mee,sufements
(’o) Monmentum-measurements (total pressure and ‘static: preseure)
0.146 meter behind the wing in a wing se¢tion 0.22 meter late‘r‘ally
from: the wing ple’rl% of‘ eymmetry outeide of the suspension fittiné,e

for 'V'&I‘:LOU.S Re = "'Tf and Cq .
| c) Trensition meaeuremente with the etet‘aoecope O.?Q meter
1atera.1]_y from the. W‘?ng plane of symmetry for various Re and -cg

( start of traneitlon and beginning of the fully developed turbulent
boundary 1ayer') : i

[

for a«. The point of reference for cp, /u m, /iy >0, or. increasing

ThE- chord of’ the cember 1ine was chosen (e line of reference
. lies at a dietence of /b from the. front on this line.
- The- jet corrections for the downwash and the induced drag for
the glosed tunnel were calculetecl according to de Heller ( ref‘erence 8t} .

The momentum measurements were evaluated in the cuetomery
menner. The local 1ift coefficient c, at tne mementum meaguring
station was put equal to 1.10c,.

A few test results can be seen from figure 11: variation of
ca with’ ew’ at various. Pe (momentum meaeurements); and the

beginning of the developed turbulent 'boundary la,yer on upper and
surfaces for various Ce and Re,

v | * - - ca(“‘ﬂ for Re =0 76 X 106
Cmt/h‘(d‘f . T
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In an optimum c,-range, decreasging with Increasing Re,
the transition on both wing surfaces occurs far towerd the rear
which results in low profile drase. Wnen this rango 1s éxceeded
the drag increases and the transition point on upper and lower
sides travels repidly forward, the reason is the appearance of a
suction peak at the wing nose dus to the angle .of attack. For
larger cg & slight local turbulent separation occurs on the

upper side (tuftq and stethoscope observations). Crrg . decreages
“op

with increasing Re somewhat more slowly than the laminar friction

of the flat plate. For larger Re at moderate ca-valuas, more

favorable profile drag-1ift ratios result. TFor smaller Re and
smooth inflow cy, deteriorates since the boundary layer of the

upper wing surface undergoes laminar sepavstlon and does not
readhere with the properities of a turbulent boundary layer
(cbservation by stethoscope). Only for larger ¢, the leminar
boundary layer 1is disturbed so strongly by the inciplent suction
peak at the wing nose that the transition occurs in time to bring
about a turbulent readhering of the boundary layer for smaller
Re . (observation by stethoscope). cwDo then decreases with

increasing cg, and cy t, lies at considorably larger ¢y than
would correspond to the smooth inflow., A similar reduction of - Cw_

with increasing c, had resulted also in earlier measurements on
ordinary profiles for smaller Re (Gbttinger Lieferimgen I to IV

(reference £0), F. Schmitz (rﬁference 81), WNACA measurements
(reference 82) etc.)

The 1ift and pitchingrmoment distribution cm_b/LL shows standard

.behavior in the optimum cg-region. TFor larger angles of attack,
discontinuities appear in ca(a) the variations of ¢, with o
and cmt/h (w), duwe to the changs of the effective profile camber

by the thickaning of the boundary layer on the upper wing surface
vhich is caused by the forward shifting of the transition point
after exceeding the optimum cg-reglon.

The use of laminar profiles for propellers rcduces their
friction losses. Due to the smaller superstream velocitles, com-
pression shocks start at higher Mach numbers than for conventional
profiles. The use of laminar profiles for propellers will probably
‘rather lead to wider. blades of smaller thicknese ratic with
relatively low c¢g-values under standard flirht conditions, Hence,
there results again higher admissible Mach numbers and a larger
starting thrust. ’
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4, Laminar Profiles for Wings

A Yasic requirement for good wing profiles is a large range

Comax
Veomin
highest posslble maximum 1ift with extended landing aids. Further
desired characteristics are small superstream velocities in order
to attain high Mach numbers without compression shocks, low-diving
moments Cp,, 8teady pitching-moment behavior, favorable static
conditions for bending and torsion of the wing, and favorable
conditions of instsllation for lending flaps. These latter are to
improve not only the landing but also the take-off considerably and
should, if possible, extend over the enbire span.

s that is, low drag under standard flight conditions and

Based on these stipulations, a few laminar profiles were
developed which are probably appropriate for wings. The profile
shapes of laminer profiles of 10-percent and of lh-percent
thickness can be seen from fisure 12 and the table of coordinates.

Profiile data:

Thickness ratio .4/t = 0. lO>in 0.49 t from the front curvature ratio
of the mean line of the proflle,

F/t = 0.006 in 0.5 t from the front
: ‘ -~ Ryt = 0.009 (Ry = nose curvature radivg) |
Chord | t = 0.74 meter :
d/t = 0.14 in O.b4 + from the front
£/t = 0.0245 in 0.41 © from the front
Bt = 0.019
t = 0.70 meter

The rear part of the profile gradually converges into a
pointed trailing edge. Hence, the pitching-moment behavior was
improved as compared with laminar profiles with blunt tralling
edge, as tests of the author on laminar profiles with various
trailing-efige angles had demonstrated. The profile of lli-percent
thickness shows an S-shape camber line far toward the rear which
made 1t possible to keep c¢n, low, without conslderable forward

shifting of the transition point on the upper surface.

cwﬁﬁin was determined for various Re Dby means of the
momentum method. (See fig. 7.) The pressure distributions

p/qO along the chord and the position of the transition point can
. be seen from figures L4 and 5.
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The pressure distributions of both profiles are flat.
Pressure increase and transition occur far toward the rear, thus
causing lov ¢y « For larger Re (»2x 10 ) the drag is increased

comin
by the influence of the tunnel turbulence whﬂch is caused by the

more rapid forward moving of the transition point due to an external
turbulence (fig. 8). Verifying calculations of the profile drag for
Re = 2 X 10% on laminar rofiles of various thicknesses for the
positions of the transition point, which had been experimentally
determined, gave the following result: The drag increase with the
profile thickness ig primarily due to earlier transition for a ,
larger profile thickmess, only-secondarily to higher form drag and
increased skin friction because of the higher superstream velocities
for thicker profiles.

In order to test sultable 3aniin5 gids and allerons for
laminar profiles, three- comnnnen+ measurements were performed for
a laminar profile of lh-percent thickmess (fig. 12) on a rectangular
~wing of b = 1.50 meters span and t = 0.250 meter chord. (The
wing ends sgeen from the front were rounded off semicircularly.)
Figure 13 shows the landing alds investlzated in retracted condition.
A Powler flap € of a chord of 0.348 t which extsnded over the .
entire span was used as landing aid. It extends scmewhat beyond
the maln wing toward the rear -and hence mskes possgible the attach-
ment of a trailing-edge aileron D of 0.125 t chord which also
extends over the entire span. For standard flight conditions,
thig alleron serves as twist with resultinzs small flap control
moments whereas for low-speed flight the extended Fowler flaps
could assume the lateral control, perhaps in combination with the
tralling-edge aileron. In this manner the Fowler flap may be
constructed so as to extend over the entire span.

A further ¢ ~increase for extended Fowler flaps could be

obtained by additional use of the tfallwnn~edge aileron D, by
extending of slats B and A at the Fowler flap C .and at the
main profile. The retracted front slat A would cause, under
gtandard flight conditions, an early turbulence of the boundary
layer on the upper wing surface, In order to avoid this, the slat A
wag built partly into the upper surface of the main wing and thus

a smooth surface obtained.

Momentum measurements shdwed that the profile drag was not
measurably increased by the installation of landing aids at

Re = 1.07 X 106 when the slot between Fowler flap and trailing-edge

alleron was sealed. In the full-scale model, probably the srooves
between main wing and the two slats also ought to be sealed.
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The receding corner on the upper wing surface between méin )
wing and trailing-edge alleron also does not measurably increase -~
the drag in high-speed flight (according to momentum measurements).

* COMPTLATION OF THE HIGH-LIFT MEASUREMENTS
(Re = (0.70 to 0.75) x 105):
By = FOWLER FLAP DEFIECTION
8q = TRAILING-EDGE ATLERON DEFLECTION

State ey |
Fowler flap C extended both slats A and B retracted (1) -
Bp = 529, By = 0°,k trailing-edge aileron slot open 2.82
Bp = 520 Bg = 07,7 tralling-edge alleron slot closed 2.79
Bp = h8°, BQ = 319, ‘trailing-edge aileron slot open 3.12 |
Bp = 489, Bq = 30° trailing-edge aileron slot closed 2.885
Fowler flap C and Fowler flap slat B extended, slat A at thd

main wing retracted

B = 69°, By = 0°, 15°, trailing-edge aileron slot closed

3.2

= 699, B = 189, trailing?edgé aileron slot open 3.605
Fowler flap C and both slats A and B extended-

= 69° Bq = 0°, 5°, trailing«edge aileron slot closed 3.93
\ F = 69°, Bq = 14°, trailing-edge aileron slot open 4.05

Fowler flap C and frontal slat A extended, slat B retractsd S

By h?o, BQ = 00, trailing-edge alleron slot closed
Bp 470 R BQ = OO,' tralling-edge aileron slot open
Bp = 4O, Bq = 18°, trailing-edge aileron slot closed

it

3.43

Bp = b4°, Bg = 270 trailing-edge aileron slot open

3.0

3.68

lc&max is referred to the wing chord for retracted 1anding

flaps.,
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The effect of the tralling-edge alleron of 12.5-percent
-~ .t chord was investigated separately for retracted landing aids
- (three-component and momentum measgurements for various control
surface deflections Bgq).

gy and cmt/h (>0, a~increasing) were measured for various

m by means of three-componen+ meagurements, Car, by mpmentum

measurements 0.15 mster behin& the wing at 0.1]l meter lateral
distance from the wing plane of symmetry. The camber line was
chosen as line of refcrence for o, the point of reference for
mt/h lies in t/b from the front on this line. The local 1ift

coefficient at the momentum test point was put equal to l 10cg .
The Reynolds number in the three-compeonent and momentum measure-

' Uoth ; ~ ‘ - e
ments was Re «-w8~ = 0,80 X 306 and 1.07 x 106 respectively. .

The test resulte can be geen from flgures 1k fo 16.

Ow¢nr to deflection of tho trailingwedge aileron extending
over the entire span, a favorable envelope polar with low profils
drags rosults for standard flight conditions in 8, con81derable
Cy-range. (See Tig. 1k.) e

The transition»point position-in the optimm Cq-Tange :1s
only slightly shifted forword by moderate deflections of this "”}
narrov control surface (observatlons by stethoscope) At the
receding corner on the upper wing svrfaco between main wing and -
control surface, a local separation on the upp@r control surface ‘
1s avoided in the optimum cg,-range -up to B4 209 according to .
observations by stethoscope and tufts, hernce; a low profile drag
for larger positlve control surface deflectlons is attained.

v For ﬁQ = =50 ‘and ~10° the boundary layer at the nose of o
the control surface on the lower wing surface--wes made artlficially
turbulent by providing a receding step (fig. 13) in order to ‘avoid:
a more extensive laminar’ senarat?on on the pottom of the control

- surface and to obtain a turbulent readherlng.

Observatlcns br s+ethoscope shOWbd that the boundarv layer
of the lower wing surface for B@ » 5 Underwent lamlnar e

separatlion unless the boundary layer was: urtwflcially contrelled
and would not readhere completely turbulently. Correspondingly,
there resulted (accnruing to momentum measurements) relatively
large profile drags. By providine the receding step F on the
lower surface 23 millimeters shead of the flap nose, the boundary
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layer beceme turbulent at Re = 1.07 X 106 0 to 5 millimeters
" behind the latter (according to stethoscope observations) and
the profile drag decreased (momentum measurements fig. 14) .

The variation of ¢, and cmt/h versus o for various

control-surface deflections Bp csan be seen from figures 15
and 16. ' : ’ : :

By deflection of the trailing-edge alleron c, undergoes

a relatively considerable change which will probably cause
rolling moments sufficient for normal-flight conditions. For
Bq = 0° the maximum 1ift without landing alds is cg___ = 1.06.

. The angle of attack at the stall is rataher larger than for con-
ventional profiles of equal thickness. The 1ift Iincrease is

normal for the optimum cg-range and decreases sharply for larger o,
hence, cne can attain rather smaller positive gust loads than for
earlier conventional profiles of equal *thickness and camber. The
zero moment for Bg = 00 1is cpy = -0.027 and may be kept

arbitrerily small by small negative control surface deflections.
The pitching-moment distribution for moderate Pq probably will
be sufficiently uniform. , ‘



26 , NACA T No. 1181
CHAPTER k4

LAMINAR BOUNDARY-LAYER SUCTION, GENERAL REMARKS

1. Aims for Further Development

The tests of chapter 3 showed that the profile drag can Ve
conaiderably lowered by a suitable profile shape. With increasing
profile thickness the drag will increase relatively strongly, the
main reason being the earlier transition for greater profile
thickness. Considerably lower drags would be possible by main-
taining the boundary layer up to the trailing edge completely .
laminar. Tor larger Reynolds numbers very low drags would then
result even for thicker profiles. (See figs. 1 and 2.)

Thus the following tests were undertaken which zimed at the
development of thicker profiles where, for large Reynolds numbers
and in flight, the boundary layer remains laminar up to the
trailing edge for a sufficient cp-range. In order to obtain
hizh Mach mmbers without compression shocks, slight maximum
superstream velocities are desirable, that is, the pressure dis-
tribution is supposed to be uniform far toward the resar.

Bowndary-layer suction made it possible to maintain in the
present tegts the boundary layer complebely lamlnar wup to the
trailing edge.

2. Effect of Suction of Laminar Boundary Layer
on the Fiow Characteristics
The suction of a laminar boundary layer has various effects:

(a) Augmentation of the laminar pressure increase: According
to chapter 2, 1, the transition occurs for a weak laminar pressure
increase caused by laminar separation of the boundary layer. By
elimination of the greatly retarded portion of the boundary layer
in the nsighborhocod of the wall with rising pressure, by means of
suction (throuzh separate slots or by area suction) the laminar
separation and hence the transition could he avoided even for
considerable pressure increases. A favorable effect is created
in many cases by the so-called sink effect: The location of
suction acting as sink proluces in its neighborhood an additional
pressure field with accelerated flow. Its superposition on the
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external flow at the location of suction results in a steeper
prossure increase from the flow conditions immediately ahead of
the suction point to the stagnation point behind the suction slot.
Hence, the remaining pressure increase aJong the wall is L
correspondingly reduced. A :
o Ut |
(b) Attainment of higher Reynolds numbers Re = —9— with
laminar boundary layers: According to chapter 2, 2 (influence of
an external turbulence on the transition) one obtains for a given
external turbulence with a laminar boundary layer, a maximum

critical Reynolds number Reecritic ol (Ue> critical (U = velocity

at the edge of the bowmdary layer.:) Since the increasing of 0
and Ree, respectlvely, along the chord can be reduced by bo&n%ary--

layer suction, it should be possible to obtain hlgner Re = " —

for equal admissible maximum,BeynoldS~numbers ROYritical

(c) By boundary-layer suction and reacceleration of the suction
alr to free~stream velocity, a part of the relatively large kinetic
wake energy of the laminar bowndary layer can be recovered and the -
power required for propulsion can thus e reduced. Professor Ackeret -
(reference 65) was the First to point out the possibility of _
reducing the power required.for propulsion of airplanes by utiliza-
tlon of the kinetic weke energy.

(4) With the aid of boundary-layer suction the boundary layer
could be maintained completely laminar for a larger range of angle
of attack in spite of the occurringfﬂreater pressure Increases
which would extend the c&-ran re with low drag.

3, Statément of the Problem

A boundary layer on thicker profiles for larger Reynolds
number kept completely laminar wlth the ald of boundary-layer
guction 1s egquivalent to the maintenance of laminar boundary layer
for high Re with simultaneous strong pressure increase. In
order to obtain lowest possible drags the losses in the suction
glots must be reduced. . The boundary layer continuing behind the

suction slote is not to be addltlonally disturbed by the suction
iteelf,

Besides, the customary stipulations for wings must be observed.
(See chapter 3 and k. )
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A wing with laminar boundary-layer suction of equal etrengthi
and rigidity should not become much heavier than customary wings
without suction. . oo

In carrying out the tests the problems connected with laminar
boundary-layer suction were at first investigated separately,
step by step, and then gradual)y combined, The test sequence was
ag follows:

1. Test with laminar boundary-layer suction on a slightly
camberod profile of 6.75-percent thickness with a single suction
slot in 77 pércent t from the leading edge on the upper surface to
investigate the basic aptitude of bowndary-layer suction for
maintaining & boundary-layer laminar (chapter 4, 4).

2. Study of the laminar pressure increase with boundary-~
layer suction in separate slots for smaller to msﬂium.Reynolds
numbers Re (chapfer 5).

s More detalled investigation of the flow in the suction
slotg for laminar boundary-layer suction (slot losses, sink
effect, slot flow, etc.) (See chapters 5 and 6.)

L, Test for obtaining higher Reynolds numbers with laminar
boundary layers with the aid of boundary-layer suction for
intentionally small external pressure. increase and normel wind-
tunnel turbulence (chapter T, Tests on a Thin Symmetrical Profile
with Suction). .

5. Investigations of the Jlaminar boundary-layer suctlon
for larger pressure increase and higher Reynolds numbers on 2
elightly cambered profile of 10.5-percent thickness with con-
ventional thickness distribution (without extended flat pressure
distribution shead of the pressure rise). (See chapter 8.)

4. History of Development of the Laminar
Boundarv—Layef Suction

(a) In 1928 the agsumption was expressed Por the first time,
by B. M. Jones, that a boundary layer might perhaps be maintained
laminar for a longer time with the ald of bcundary-layew 9uct10n
which would reduce the frictional drag.

(b) L. Prandtl calculated the laminar boundary-layer
development with suction for pressure increase, under the
supposition Ap ripausen = -12 (reference 72, pp. 117 amd 118).
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(¢) Laminar suction tests on a slightly cambered profile of
6 .75-percent thickness. The first test, made for the purpose of
orientation, on a slightly cambered profile of 6.75-percent thick-
ness with a single suction slot in 77 percent t from the leading
edge on the upper surface (autumm 1940 and winter 1940-41) showed
that 1t is possible, by boundary-layer suction, to maintain the
boundary layer completely lsminar and to obtain low profile drags.

The investligated profile (2) with the suction slot can be
seen from figure 17. The wing was mounted between end disks in
the wind tunnel of the Institute.

Data:

Chord ; -t

L]

0.451 meter

0.0675 in 0.39% t from
the leading edge

Profile thickness Caft

Nose curveture radius RO/t

0.0035

Slot in 0.77 t from the leading edge on the upper surface,
minimm slot width 8 = 1.3 mi llimeters and & = 0.9 millimeter,
glot directed toward the resr at an angle of L59 to the surface.

The suction slot was developed as a diffuser with en 8° opening
angle 1n order to convert part of the kinetic energy of the
sucked air into pressure and hence obtain smaller negative pressures
in the suction chamber and smaller pressures and power require-
ments for the suction blower. The development of the suction slot
ag a diffuser for the purpose of a partial conversion of the °*
veloclity energy of the sucked air into pressure was for the first
time successfully applied in turbulent suction tests by A. Gerber
(reference 69) on a suggestion by Professor Ackeret.

The slot inlet was desimed on the basis of a thesis by
H. Bleunler, investigeted by Professor Ackeret. The slot £low was

treated by H. Bleuler ag a free jet with constant pressure along
the jet edge, under the assumption of frictionless flow.

SYMBOLS

Drag measurenments:

t wing chord (0.451 m)



30 NACA ™ No,. 1181
1 slot length (0.324 m) .
F  avea of reference (t1) (0.146 m?)
8 minimum slot width
g, wndisturbed total pressure outside of boundary layer or
weke, measured with atmosphere as reference level
S gtatic pressure in center of side wall of wind tunnel at
begloning of test section, measured with atmosphere as
reference level
0o free-gtream dynamic preesure, kilograms per metere (gO - po)
U, free-stream veloclty meters per second (/gqo)
Dy, static pressure in center of suction chamber, measured
compared with Do s kilograms per metersa
Apg suction blcwer pressure, kllograms per metere
vz, mean velocity of sucked alr perpendicular to wing in suction
chanber at location of static pressure measurement
_ Suction guantity . .
(% ~ Cross section of the suction chamber &t this 1ocatio€>
vy exit velocity of sucked air rearward in ree-stream direction,
metérs per second
Q, suctlon quantity (m3/s) measured by calibrated venturi nozzle
of 17.4 millimeters at narrowest cross section and
28,0 millimeters ¢ ahead of nozzle
g¥* displacement thickness ahead of suction slot
Qé* UB*T where U = wvelocity at edge of boundary layer ahead
of glot
Ugt)
Re Reynolds number | —=—
v/
Drags:
W,  total profile drag decisive for propulsion

W,

drag contribution of wake
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Wg .drag contribution of euction blower

Dimensionless coefficients:

o Q
cq suction-quantity coefficient 2
' UoF
, ‘ -
cpg suction-blower pressure coefficilent E_E
. _ ) °

W .
¢, coefficlent of total profile drag (-f-f)
, 0

c, ' coefficient of drag comtribution of wake (determined by
Ve { '
momentum measurements in wake) (ﬁ
\ 1o
_ - wg
¢y coefficient of drag contribution of suction blower pe=
¥3
& ; q o
Measurements: The static pressure p, Wwes measured, for
, Ut _
various Re = m%~ and suction quentities 0, in the center of

the suction chamber (with 0.5 millimeter ¢ pressure holes).
Momentum measurements were performed 0.173 meter behind the wing.
The slot width s was 1.3 millimeters and 0.9 millimeter. The
state of the boundary layer on the upper surface behind the slot
vas verified with a hot wire (references 21 and 61b), by soot
coating and acoustically by stethoscope (reference 6lc).

Drag evaluation for boundary-layer suction (compare also
0. Schrenk (reference 75)).

. Let the sucked air Ye accelerated, fearward in flight direction
to the velocity wup. The motive power Lg of the suction blower
(efficiency ng) then: 1s

2
Qa( uA pa - %U.LE)

g~
where

uL2 = Suction-blower pressure

g
£
t
&3 :
:
o
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The kinetic energy 'g‘“Le of the sucked alr in the suction chamber

may still be utilizel. Pressure losses in the suction ducts were
neglected. '

When wy # U,, +*he sucked air far behind the wing has another
momentum than far toward the front; the change of momentum is

M.? , QQE(UO - UA)

(for uA’< Uy, O signifies drag, for uy > U, thrust,

The propulsive puwer reculrement for oveycoming the drag
contribution of the wake \»m’ ani pRp(Ty = va), will dbe, if a
propeller in flight or installed in a tunnel with the efficiency
Tp is p‘t*’ovidefq :

[Wm' + pQy(Us - uA)] Uﬂo”

p

The entire power requirement for overcoming of the pmf‘ile
dreg becomes:

- D p. 2 '
= 'Qa@‘uf - Pa zs“L?) [Wm' + pQafUq - uAﬂ Us
p = - . , -
, 1

E:Lqi-

Depending on the exit velocity y ;bf the sucked air, L. is
distributed wequally between L and Lp. _The minimum total

- oL_ . o, . . |
power requlrement Ly, results for E-jah- = 0, Mg angi' Np MY,

in the general case, also e functions of - up e It 1s now asgumed
that 71, and Ty are independent of up«- Then there becomes for

ma-l:‘__ze: B-I}»._Eg
oy Uo 9
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Let furthermore an equal efficliency of propeller and suction blower
be assumed: Mg = Mp = N~

For Lmin th@n uA

i
o=}
&

p. 2 n, 2 '

) i ) O
Tnin = e
N
that 1s,
‘H QAp
U < TPER ) IR S - A SRt S
W)o (?‘ a, 2%) [ U g
o
where wg N Q&Agg
Us

Apg = gUb - Py - EuLQ = Suction~-blower pressure for acceleration
_ 2 of the sucked air to T,

Under the assumptions given above (equal efficiency of suction
blower and propeller, acceleration of the sucked alr to -U, toward
the rear) one may calculate for the drag evaluastion precisely as

i1f the suction blower had a 100-percent efficiency. The total
drag coefficient decisive for the propulsion becomes:

Cy = ?ﬁi = Eaépg +cy ' = CQlp, * Cw "'=ooy, * oy’
©  GoF Y gF % 8 ® g @

The drag measurements with boundary-lsyer suction were evaluated
according to the above formulas under the assumption that propeller
and suction blower have equal efficiency and the sucked air is
accelerated rearward in flight direction to U,. For comparison,
the minimum profile drag without suction (suction slot closed) of
the profile (2), a4/t = 0.067 and the profile (1), d/t = 0.09 vas
measured by means of the momentum method.
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The measurement results can be seen from figures 18 to 25.

cy, ,(Re)  with & =0.9m .
wopt Fig. 18
(Re) without suction
no_ |
Gl ©) Fig. 19
. 8 = 1;3 mm
cwoa(cQ) : FMg. 20
R
CQON( K 5 - 3?'% m end Fig. 21
8= l.3mM
(Re) .
paopt

2 hot-wire photographs with and withovt gsuction (figs. 22
and 23). ,

2 photographs with soot coating (laminsr and turbulent)
(figs. 24 and 25).

. By boundary-layer suction it was possible to maintain, for

~ - Ut .
Reynolds numbers up to Re = -~ = 800,000 -on upper and lower

surface a completely laminar boundary layer (hot-wire photographs,
figs. 22 end 23, and photographs, figs. 24 and 25 with soot
coating, confirmation by stethoscope observations). Generally,
only weak and slow laminar velocity fluctuations were ascertainable
behind the suction slot. :

~ The laminar pressure increase on the upper surface from the
pressure minimum to the trailing edge amounted to 3% percent of

the pressure difference between stagnation point and pressure
minimum.

The lowest total drag was, w1th s = 0.9~ millimster glot

B width for Re = 0O 0.9 x 10%: Cyr = '0,0035 (power reguired for
: emin
suction inclvded). For smaller Re, oy increased somewhat
o ,

more slowly than the laminar friction of the flat plate. For
larger Re, Cy,_ increases agsin since, owing to the influence of
the tunnel turbulence the transitions on the upper side occur
already ahead of the suction slot (as was shown by stethoscope
and soot-coating observations). Hence, the boundary layer remains
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turbulent behind the slot in spite of increased suction. The drag
ig definitely larger without suction than with it.

The suction quantities c¢q required for keeping the _
boundary layer laminar were very small particularly for a slot
width s = 0.9 millimeteri in general only a fraction of the
displacenent thickness 8" had to be sucked off the laminar
boundary layer shead of the slot (15 percent to 50 percent for

Re = 0.2 x 100 to 0.9 x 106). (See fig. 21 Coop(Re) for
=0, 9mm and s = 1.3 mm.) The required minimm suction quantity

for a suction slot of the width 8 = 1.3 millimeters was larger
than the ocne for g = 0.9 millimeter (fig., 21). If the suction is
too weak, a local laminar separation occurs at the suction point
and the boundary layer behind the slot becomes . rapidly turbulent
(according to obssrvations by stethoscope, soot coating, and hot
wire) . Correspondingly, for very weak suction Cyr,, increases

again (fig., 19). For an optimum suction guentity cq ot results

0P
the lowest drag cw.cOmi cp increases with increasing Reynolds_
: n

oDt
number (fig. 21)., For cq > cQopt the skin friction increases

behind the slot (thinner boundary layer), hence, ¢, increases
.
With C Q .

In general, the corresponding negative suction pressures
Cp,, in the suction chamber were small (fig., 21) although, for
opt
laminar suction, the conversion of the velocity energy of the
sucked air into pressure in the slot diffuser was not particularly
- good. (compare,later tests).

(d),In connection with these laminar suction tests with a
single slot, M. Ras performed, on the suggestion of Professor Ackeret,
in the Institute for Aerodynamics, Zurich, tests with laminar
boundary suction by means of a sort of area suction consisting of
35 narrow slots arranged one after the other. With this area
suction one obtained laminar pressure increases of about 53 percent
to 55 percent of the pressure difference between stagnation point

and pressure minimum for smaller Reynolds numbers (references 66,
67, and 68), :

(e) H. Schlichting calculated the laminar boundary-layer
development on a flat plate with ares suction for constant suction
intensity (reference 70). Furthermore, Schlichting calculated
recently the laminar boundsry-layer development with area suction
on a Jouvkowsky proflle (rePerence 71) .
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CHAPTER 5

INVESTICATION OF THE LAMINAR PRESSURE INCREASE
WITH BOUNDARY-LAYER SUCTION FOR SMALLER AND
MEDITM REYNOLDS NUMBERS
1. Laminar Suction Tests with Three Suction Slots

Arranged One After the Other

: Tle suct*on tests with the laminar profile of 6 .75+ -percent

thickness for Re = 0.8 X 106, showed a laminar pressure increase
of 35 percent with a single suction slot. With area suction a
laminar pressure increase of 53 percent to 55 percent was attained.
- More laminar suction tests were performed with three suction slots
- lying one after the other in the suctlon turmel used by M. Ras .

with the aim to obtain larger laminar pressure increases with
relatively few slots.

Definitions for the suction tests with single slots in the
suction tunnel (chapter 5, 1, chapter 5, 2b, 2c, and 2d
chapter 6, 1 and 6, 2).

T q dynamic'preSSure at edge of boundary layer

Gp  maximum dynamic pressure at edge of boundary layer at narrovest
section of tunnel -
9.1 .0

G m

. Ap static pressnre at test plate or at walls of slot diffuser,
measured with 0.5 millimeter ¢ ‘vore holes with static
pressure at test plate at narrowest place of tunnel as
reforence lpvel '

Py  Static pressure in su0£ibh'chamber, meagured with 0.5 millimeter
bore holes with static pressure at-test plate at
- parrowest_plage,of tunnel as reference level

1 3 51otf1eng$hf;(O;¥O;m) l
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8 minimum slot width

o¥ displacement thickness ahead of slot (8**was calculated every
time from measured pressure distribution for mean suction
quantity according to Pohlhausen (reference 43)).

Q5* = UB*Z with U = velocity at edge of boundary layer ahead of
suction slot

h  displacement of slot trailing edge with respect to slot inlet,
h > 0 for inward displacement _

Qa suction quantity measured With calibrated measuring nozzles

velocity of sucked alr gt end of slot diffuser, determined
from difference of total g at slot exit (measured with
1.0mm ¢ total head tube) and static pressurc py in
suction chamber in neighborhood of test point for velocity
distribution. (The test arrangement can be geen from
- fig. 26.) .

The flat test plate was provided with threse suction slots
the shape of which can be seen from Tigure 27.

The slote were perpendicular to the surface and were developed
as diffusers with small opening angle (slot shape a) By adjust-
ment of the opposite wall Nr. V the intermal width of the tunnel
and the pressure distribution at the test plate could be changed.
The boundary layer of the opposite wall also was kept laminar by
suction. The width of the test plate and the slot length were
40O millimeters.

The pressure distribution along the test plate was determined
for various suction quantities @a and tunnel widths. The state
of the boundary layer behind the slot was verified by hot wire and
stethoscope. The test results can be seen from figures 28 and 29.

At the arrow behind the third. slot the boundary layer was
still ‘laminar. Considerably larger laminar pressure Increases
rosulted with boundary-layer suction than without it (meximum
63 percent with 40 mm tunnel width).

The sink effect makes an essential contribution to the
laminar pressure increase, particularly for stronger external
Pressure increase. The significance of the sink effect for
turbulent boundary-layer suction was pointed out repeatedly
(Ackeret, Prandtl, O. Schrenk, Gerber (references 69, 72, T3,
74, and 75)).
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2, Tests with Laminar Boundary-Layer Suction
with a Single Suction Slot

The purposc of thesc teste was a more detalled study of the
flow phenomena in the neighborhood of a.suction glot Tor laminar
boundary-layer suction (sink effect, laminar pressure Increase
down to the transition; flow in the suction slot and pressure
losses in the slot). : :

(d) Tests with laminar boundsry-layer suction in the water
tank.~ (o) Tests on a single slot: A few laminar suction tests
for the purpose of orientation were performed with various slot
shapes. The suction slot was placed on a symmetrical profile of
10-percent thickness (at 0.43 + from the leading edge) and +t = 1.2l m
chord at a distance of 0.71 m from the leading edge. The slot
was developed g8 diffuser with small ovening angle.

The model was ‘toved through the water with a velocity of
0.1 to 0.2 meter per second. The flow in the region of the suction
slot was made visible by sprinkled-on alvminum powder and
photographed. (Compare the flow pictures figs. 30 to 34.)

In general, the laminar boundary-layer suction operated
favltlessly even for very different slot shapes and suction of
various strength. The laminar bounfary layer, continuing behind
the slot to which no suction was applied, was mostly undisturbed
by the suction. The flow in the suction slot separated on one
gide of the slot.

With increasing.suction guantity the slot must be made wider
in order to avold high velncities at the slot exit and corre-
gpondingly large slot losses.,

For smallsr suction guentities the slot width must be
reduced since otherwise a local leminar separation occurs at the
slot inlet (filg. 31(g)). The tests with the suction wing of
6.75-percent thickness (chapter 4, 4) and later laminar suction
tests showed that in such cases the boundary layer behind the
slot became rapidly turbulent (observation by stethoscope). Due
to outward curvature cf the profile surface ahead of the suction
slot (fig. 31) and. a stronger local pressure increase ahead of the
slot, a laminar separation may occur for weak suction; thereby
the boundary layer behind the slot also becomes rapidly turbulent,
Forward-curved suction slots (figs. 30(e), 30(f), 31(a), 31(Db),
and 31(c¢)) are especizlly sensitive in thﬁs respect.
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In a few cases the slot trailing edge was shifted various
degrees toward the outside and the inside, respectively. (See
figs. 30(c), 31(d), and 31(e).) ‘

A too great inward shifting may eventually also lead to a
local laminar separation et the slot inlet (fig. 38) and thus
render the laminar suction ineffective. (See later tests chapter 5,
test F with slot () with h=1:3mm invard shifting.)

30]

(B) A test with several narrow suction slots placed one
after another (a sort of area suctlon) shows how the laminar
boundary layer oozes into the wing interior (fig. 32).

{(7) On a thin symmetrical profile, suction was applied to .
the laminar boundary layer at the trailing edge of the wing.
The first suction tests were performed without a partition wall
in the suction glot and gave a negative result: for starting
conditions a stagnation point originated in the free stream behind
the suvetion voint which traveled at the ellightest disturbance
toward one or the other wing side. (See fig. 33(b).)

By means of a partition wall in the slot, the rear stagnation
point was fixed on that wall. {See figs. 33(a) and 33(e).)

The boundary layer bpehind the slot was mostly very thin.

By rotation of the partitlioning metal sheet and by suction
of different magnitude on upper and lower surface one may shift
the rear stagnation point and thus (as remarked by Professor Ackerst)
change the circulation around the wing.

The leminar suction of the tralling edge 1s very sensitive
to the shape of the wing surface shortly shead of the slot. TFor-
a slot inlet which is too round the boundary layer ahead of the
slot undergoes a laminar separation; if the inlet is too pointed
there result large negative pressures at the slot inlet, high
velocities in the suction slot, and large slot losses.

(8) Another test with laminar boundary-layer suction was
performed in the water tank with a slotted flap wing of chord
= 0.61l m (d/t = 0.158)., The boundary layer could be maintained
completely laminar by means of suction on main wing and flap for
various flap deflections (fig. 34). The Reynolds number was
Rey & 100,000 to 120,000 : .
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(b) Lamindr suction tests with the slot (a) (see fig. 27
and for definitions gee beginning of chapter 5).- With the test
apparatus used for the laminar suction tegts with three slots
{chapter 5, 1), laminar suction tests with only the suction
slot farthest to the front were performed (slot shape(a)). The
test plate was plane. Suction was applied over the width of the
tunnel of 400 millimeters. ‘ .

The pressure digtribution on the test plate was measured,
with the minimm slot width s, suction quantity Q_, +tunnel
width and free-stream velocity being varied. The tralling edge
of the slot could be adjusted at different helghts with respect to
the elot inlet(dfsplacements h > 0 for inWErd shlfted trailinp
edge of the slot). o ,

The tnfluence of the suction quantities Qa and Q /6

regpectively, (5 = displacement -thickness ahead of the slot)

of the slot width and of the shifting of the slot trailing edge .
on the sink effect were investigated. Figures 35 and 36 show

a few pressure distributions on the tegt plate in the region of
the suction slot. In the investigated cases, the boundary layer
remained lamfner behind the slot (according to. stethoscope
obserV“tions)

The laminar pressure increase due to sink effect incresases
with growing suction quantity - Q4 and increasing Inward shifting
of the slot trailing edge and vice versa, whereas a change in the
816t width produces practically no effect. With increasing slot
width, stronger suctlion must be applied in order to avoid a
locel laminar separation at the suction point and a rapidly
becoming turbulence of the boundary layer behind the slot (according
to stethoscope observations).

The measured laminar pressure increase due to sink effect is-
‘considerably larger than it would be under the assumption of
frictionless flow: by the boundary-layer suction the displdce-
ment thickness 8% becomes suddenly smaller behind the wsuction
slot, and, correspondingly, the effective surface (at the distance d
from the wall) is shifted nearer toward the wall. With an
effective surface of such wavy development & stronger local
presgure increase would result as shown in respective oalculations
by A. Betz (reference. 77) and pressure -distribution messurements
at transition due to external’ pressure incresse, vhere the
displacement thickness also decreases suddenly. (See figs. 3, 4,
5, etcs) By superposition of a sink at the suction point, there
originates a considerably larger pressure increase due to sink
effect than for frictionless flow. By inward or outward shifting
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of the trailing edge of the slot this effect may be still increased
or decreased. :

In further meagurements (c) the attempt was made to increase
the laminar pressure increase, dus to sink effect, still further by .
wavy development of the wall in the neighborhood of the suction
point, particularly for larger suction quantities @Q /Qﬁx. It is
true that the required minimum suction quantities, for which the
boundary layer behind the suction slot still remains completely
laminar, willl probably increage: +the slowest boundary layer parts
to which no suction was applied can be retarded at the most to the
velocity zero at the stagnation point behind the slot. TFor larger
external pressure increase (for instance, due to stronger sink
effect because of waviness of the surface at the suction slot) and
for smaller guction guantities sometimes a strong local pressure
increase and a rapid transition of the boundary layer occurs
behind the slot. (See later measurements: fTig. 39, test 84, fig. Lo,
test 165 g4)

(c) Investigation of the suction slot (b) with the test plate
(b) for laminar boundary-layer suction.- The form of the test
plate (b) and the suction slot (b) can be seen from figures 37
and 38, (See beginning of chapter 5 for definitions.)

The slot (b) was perpendicular to the surface and was also
designed as Aiffuser with small opening angle. The external
pressure distribution could be varied by adjustment of the opposite
wall V, the boundary layer of which was maintained laminar by
suction. To the test plate, suction was applied over the tunnel
width of 400 millimeters.

The pressure distribution at the test plate and the transition-
point position were determined for various suction quantities Q
and Qaﬁab*v respectively, for various free-stream velocities and
tunnel widths.

The transition-point position evidenced by the break in the
‘pressure-distribution curve which in turn was caused by the sudden
reduction in displacement thickness due to the transition, was
“also determined from observations by stethoscope.

At the transition, considerable fluctuations in static pressure
could be ascertained by means of a sensitive manometer.

The results of the pressure distribution and transition measure-
ments can be seen from the figures 39 to Lk,
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The experlences described in the last section with regard to
sink effect were confirmed: increase of the laminar pressure .
1ncyease, due to sink effect, with growing suction quantity Qg
“and Qaﬁan, respectively, and with increasing inward shifting
of the trailing edge of the slot, and vice versa. An excesslve

inwvard shifting (h = 1.3 mm) did not avgment the sink effect any
further.

Higher lamimar pressure increases due to sink effect result
for larger external pressure increase {4O-mm tunnel width) than
for 80-millimeter turmel width; however, the minimum suction
quentities Qn/Qax were incressed.

With increasing Reynolds number the pressure increase due
to sink effect decreases slightly and vice versa, for cqual
suction quantity Q,/Qs% (compare figs. ho and 41).

f am
e

The sink sffect 1s increased by the waviness of the surface in

the reglon of the suction slot. Of course, as was to be expected,
larger minimum suction quantities Q,/Qsx are required to maintain
a laminar boundary leyer behind the slot.

UJ!—'
..

un

3 kegfm ' 8.15 kg/m
kéém, Flgs 39, m {;6 28 kg/m?

The total laminar pressure increase up to the transition
point is, generally, considerably larger than without suction.
It increases with growing suction quantity as well as with rising
external pressure increase (comparison of the tests with LO-mm
and 80-mm tunnel wid’ch) .

For equal Q /Q . the transition occurs earlier with growing

Reynolds number, similar to the case without boundary-layer
suction (compare fig. 40 and 41)

= 16.3 ke/u? and 32.6 kgfu?

also figure 39

= 8 15 ka/ m?
1}6 3 kg/m
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By inward shifting of the trailing edge of the slot (stronger
sink effect), the laminar pressure increase before the transition
is slightly augmented and vice versa, under the assumption of

equal suction power, .

'0.9 to h = -0.3 see fig, 42
0.9 and h = -0,3 see figs L0, 43
0.9 end h = -0.3 see figs. 40, 43

Tests 1b with h
Tests 17 with h
» TestsllB with h

]

nu

An excessive inward shifting of the tralling edge of the slot
(h = 1.3) deteriorates the laminar pressure increase again
(figs. 42 and b4}, .
Increasing of the sink effect and the laminar pressure Increase
by a slightly wavy formation of the surface in the region of the
suction slot, similar to the form of the test plate (b), i1s useful
probably only for larger suction quantitles Qaﬁag%; it 1s less so
for smaller ones.

{d) Taminar suctlon tests with slot (b) and test plate (d)
{See fig, 37.).- By increasing the waviness in the region of the
suction slot (b) (see form of the test plate (d)) the sink effect
and the laminar pressure increase before the transition was
avgmented still further for stronger suction; see the pressure
distribution at the test plate (fig. 45).

Of course, still larger minimum suction quantities than for
slot (b) with test plate (b) are required in order to keep the
boundary layer behind the slot completely laminar.

Further laminar suction tests with the single slot (g)
(fig. 46) gave similar results (fig. 47).

The suction tests with the plate (d) showed that a boundary
layer for a flow arouwnd a slightly protruding corner may be maintained
laminar by means of the boundary-layer suction, if a suction slot
is placed in the corner. '
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Summary'Regarding Laminar Pressure Increase with Boundary
Layer Sucfion for Small up to Medium Reynolds Numbers

For smell up to medium Re (N = 1/3 Rgs® shead of the slot
varied between 0.4 and 0.8 x 100) laminar boundary-layer suction
makes high leminar pressure increases with relatively few suction
slots possibles generallyi only a fraction of the respective
displacement thickriess & ahead of the slots must be sucked off.

In most cases the sink effect makes a considerable contribution
toward the laminar pressure increase. For larger suction quantities
Qa/Qa*, an augmenting of the pressure increase due to sink effect
by suitable shaping of the surface is useful; it ies less so for
small ones. ' : : ‘
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: CHAPTER 6
INVESTIGATION OF THE,SLOT FLOW FOR LAMINAR BOUNDARY--
. LAYER SUCTION‘WITH SINPLE SLOTS
1 Lamtnar Suction Tests with Straight Suction Slot
The test apparétus fon-the.tésts of chepter 6 was the same ,‘
as for the tests of chapter 5. L
" (a) Tests with slot (a) (see fig. 27 and for definitions see

pezinning of chapter 5) .~ The test plate was;plane. Suction was
applied over the tunnel width of 400 millimeters. '

- Measurements: The static pressure in the suction tank was -
measured for various suction quantities Qa  and Qa/Q %, Trespectlvely,
(8% = displacement thickness ahead of.the slot), slot widths 8
.and stagnation pressures or Reynolds numbers, respectively. Further-
'more, the trailing edge of the slot .was made to shift to various
extents ontward or inward with respect to the slot inlet. Thev
distribution of the static pressure in the suction chamber with
the varying suction quantity can be seen from figures 48 to 53.

- With growing suction quantity, the negative pressure in the
suction tank increase. For larger Re, the suction quantity Qa/Qg*
" being equal, they are smaller; the same holds true for wider suction
slots.

If the trailing edge of the slot is shifted inward, larger
negative pressures result at the slot inlet and in the suction
tank due to the &tronger sink effect.’ Inward or outward shifting
of the trailling edge of the slot causes, conditions otherwise
being equal, only unessential changes in the pressure difference
between suction chamber and the place directly ahead of the suction
Bth . -

~ In order to obtain a uniform suction along the span, the slot’
width and the extent of the inward or outward shift of the trailing
edge of the slot along the span must, as far as possible, remain -
constant. If the tralling edge of the slot is somewhere shifted
further inwgrd, less air is sucked there} sometimes this fact may
cause a local 1aminar separation shortly ahead of the slot;.also,:
the boundary layer behind the slot msy become rapidly turbulent
at that locatlon, a8 was shown in observations bJ stethoscope
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(confirmed in the laminar suction  tests of chapters 7 and 8)., From
the point of transition a turbulent wedge spreads toward the rear

in the usual manner. If the slot is slightly narrover iy some place,
less boundary-layer air is sucked thers.’ ‘The lamindr boundary layer
behind the slot then thickens; sometimes an earlier turbulence® may
ocour, ynless the preceding or. the “Following slot 1is widened
accordingly.

(b) Tests-with slots (b) test plaLe Lb) (fins. 37 and 38) .-
The static pressures in the sucticn tank and along the slot diffuser
were measured, together with the velocity digtribution at the slot
exit for variouﬂ~suctzon quantities, slot widths, and stagnation
pressures . :

Other conditiong “being equal, practiczlly the s&me pressure
differences between suction chambeér and the place directly ahead of
the slot resulted as for the slot (a)

By lengthening the slot diffuser from 16 nillineters to 21; milli-
meters, ‘the negative pressure in. the suction tank was slight reduced
‘and the pressure  inorease in the slot diffuser slightly auvgmented -
(fig. Sh' see also later tests with suction sloﬁ curve rearward
chapter ,. 3 a :

For a slot width of '8 =0.8m and U = 16 3 kg/m? s weak
uniform pressure increase occurs in the slot diffuser which
increases with growing suction quantity (fig. Sh) ‘

The velooity digtributions at the slot exit ?or slot width .
= 0.83 mm, qp = 8.15 keg/m?, 16.3 kg/m?, 32.6 kg/m?, and various
suction quantities can be seen from figures 55 to 57.

For weak suction the velocity distribution st the slot exit
is laminar with a weak reverse flow on the front side of the slot.
For stronger suction the slot flow separates on the rear mside of
the slot and the suction air flows, at a relatively high velocity,-
into the suction tank near the front side of the glot. Accordingly,
the conversion of the kinetic energy ‘of the suction air into pressure
is not particularly fayvorable in the slot diffuser (see figure:
Distribution of the static pressure.in the slot diffuser). The
minimm elot losses result for small suction gquantities 0gy/Qsx
suction is applied only to the innermost glowest parts of the
boundarJ layer. :

The conversion of the velocity enerrv of the suction air into
pressure in the . glot diffuser would improve if the slot flow would

5This fact was, in cagses of inaccurately adjusted suction slots,
established by observation by stethoscope repeatedly.
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readhere turbulently before the end of the slot snd the velocity
distribution at the slot oxit would become uniform. Further laminar
suction tests with the slot (b) showed that this.aim was attained
by increased ‘slot width, larger suction quantities, and stagnation
pressures, that is, for larger Reynolds numbers, referred to_the
slot flow (tests K, L, s = 1.3-mm slot width, qp = 32.5 kg/m®).

. The velocity distribution at fhe slot exit was for & = 1.3'mm
and qp = 32.5 kg/m® relatively uniform. (See fig. 58.)

The transition-point position behind the slot shows that the
boundary layer ahead of and behind the slot was laminar.

The pressure distributions along the slot diffuser (fig. 59)
show at the presumable traensition point of the slot flow a rapid
pressure increase and strong fluctuations in the static pressure,
similarly to the conditions found at the transition of a laminar
boundary layer for increasing pressure.

For s = 1.3-m slot width and gy = 32.5 kg/m?, the slot
losses and negatlve pressures in the suction tank are slight.
(See figu 60:) :

Summary Regarding the Losgses in the Straight Suction Slot
for Laminhaxr Boundary Layer Suction

. Deslgn of the suction elots as diffusers will make it possible
to convert part of the kinetic energy of the suction ailr in them
into pressure. For weak suction or small Reynolds numbers,
the slot flow separates and the pressure ingrease in the slot .
diffuser is corresspondingly small. For stronger suction, wider
glots and higher stagnation pressures, that is, for larger
Reynolds numbers of the slot flow, it becomes turbulent and
adheres,  thereby causing & consideraeble pressure increase in the, .
slot diffuser. The slot losses then become low.

':2. In#éstigétion of the Slot Flow for Laminar Boundary-
Layer Sucfion-ﬁith.the'Suction Slot/ (1) Curved
Forward Definitions,See Beginning of Chapter 5) .

" With the suction slot (i) curved forward (see fig. 38), laminar
suction ‘tests were performed.in the same manner as with slot (a) '
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and (b). The static preséure in the suction tank and the velocity
distribution at the slot exit were determined.

The velocity distributions at the slot exit for s = 1.45-mm

slot width and aqp = 32.7 kg/m? and. the corresponding static
pressures in the suction tank for various suction quan+ities can
be ssen from the figures 62 and 63.. . '

For weak suction, that is, smaller Re of the slot flow, the
slot (i) behaved like the straight slot (a) or (b).

For stronger suction, that is, larger Re of the slot flow,
the flow continuved in the investigated cases on the front side of
the slot flow under lamlnar‘éeparation; accordingly, the resulting
slot losses and negative pressures in the suction tunk were larger
than for the straigh+ slot (a) or (v)..

The transition of the slot flow is pvobably‘retarded by the
stabilizing effect of the oubtward curved front side of the slot.

3. Investigation of the Slot Flow for Taminar
Boundary-Layer Suction with the Rearward
Curved Suction Slot (h)

Cn the basis of the laminer suction tests with stralght and
forward curved suction slots, one may assume that the slot flow
for a rearward curved suction slot (h) (fig. 64) becomes sooner
turbulent than for the straight slot; dve to the concave curvature
of the front side of the slot. A laminar boundary layer for concave
or convex curvature becomes turbulent sooner or later, respectively,
than on a plane surface; measurements by F. and M. Clauser (refer-
ence 33) and M. Fauconnet at the Institute for Aerodynamics,
E. T. H, Zurich (not yet published) demonstrated this fact.

In order to examine the assumption above, laminar suction
tests were performed with a single rearward curved suction slot (h)
(fig. 64) which was located on the bottom of a slightly cambered
profile of 10.5-percent thickness (chapter 8). The suction slot
was placed at a distance of 0.73 meter from the wing nose. Provisions .
were made for auxiliary suctions on both sides of the test suction,
which had a length of 0.18 metere. 2

Measuraments. The static pressure Ps in the suction tank
and p on the front side of the suction slot were measured for
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various stagnation pressures and suction quantities for g = 1.0-mm
and 8 = 1.25-mm slot width, with the wing angle of attack remaining
congtant. pg; and P were ascertained by means of 0.5-millimeter

pressure holes with the static pressure p, as reference lével
(see chapter 8, determination of Ug).

The distribution of the static pressure shead of the sleot and
in the slot diffuser for varidus slot widths, stagnation pressures,
and suction quantities Qa/QS* can be seen from flgures 66 to 72.
5% = boundary layer displacement thickness ahead of the suction slot
calculated according to Pohlhausen from the measured pressure
distribution (fig. 65). ' -

The static pressure increased sharply at the presumable
transition point in the stralght rear part of the slot diffuser;
adjoining, a further weak pressure increase took place. ILengthening
of the slot diffuser proved generally favorable.

The pressure increase in the slot diffuser and hence the con-
version of the kinetic energy of the suction air into pressure are
for the slot (1) superior to those for the straight slot (a) or (b),
particularly for smaller Re of the slot flow. Corrospondingly,
the resulting negative pressures in the suction tank are smaller.
(See figs. 73 and 7h.) :



50 NACA TM No. 1161

CHAPTER 7

£»$ .'

JoTS ABOUT KFLPING A BOUNDARY LAYER FOR HIGH REYNOLDS
NUMBERS LAMINAR WITH THE ATD OF BOUNDARI“LAYER SUCTION

1, Purpose of the Tests

The purpose of the tests is study of the laminar boundary-
layer development with suction for larger Reynolds numbers, normal
wind-tunnel turbulence and - at first - slight externmal pressure
increanse on a symmetrical profile of 3,35-percent thickness for
zero angle of attack (profile shape see fig. 75(a)). The laminar
boundary- layer was sucked off through eight consecutive slots.

Furthermore, the problem had o ‘be investlgeted, whether one
could attain, for simllar external pressure distribution, equal
maximm Reynolds numbers for laminar flow Reg or Reg* referred
to the momentum loss or displacement thickness with or without
bovndary- layer suction.,

2. Teat Apparstus

The wing, constructed of wood of t = 2.032 m chord, was
erscted vertically in the closed wind-tunnel test section. The
gpan was equal to the helght of the test section (2.12 m). For
reasons of measuring technique, suction was applied to one wing
gsurface only; the comparison for conditions without suction was
gained from the measurements on the opposite side without suction,

The suction slots I - VIIT may be seen from the slot drawing 76,
They are straight and have a rearward inclination of 60°,

As before, they were designed ss diffusers with small opening
angle. Tn order to intensify the gsink effect, the surface was
made slightly wavy in the slot region, according to the tests of
chapter 5 (fig. 76). TIn the first tests the waviness was exaggerated;
consequently, the boundary layer remained laminar only with very
strong suction. Slot width and relative position of slot inlet
and slot trailing edge were asjusted along the span as congtant as
pogsible.

The laminar boundary-layer development with suction was
investigated at the wing center, the location of the suction slots
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with the pertinent suction chembers (fig. 75(b)). Auxiliary suctions
laterally to the test suction made it possible to keen the boundary '
layer in the entire test section laminar.

Suction was applied separately through each suction slot. The
appertaining auxiliary suctions were adjusted in the best possible
agreement with the test slote. The length of the test suction slots
was for the slots I - VI 0.620 meter, for the slots VII, VITI
0.208 meter. All Suction chambers are conical end at an angle to
the wing end have an amply dimensioned cross section. Hence the
pressure losses in the suction chambers are slight and the suction
along the span wniform. The suctlon quantity for each test suction
glot was determined by calibrated measuring nozzles which were
attached to the lower end of the respective suction chamber. The
measuring nozzles used may be seen from figure 75(c). They were
calibrated by measurement of the.velocity distribution at the
nozzle end by mesns of a flat total-~head tube of 0.l2-millimeter
by 2-millimeter inner opening and 0.2-millimeter outer height and
of a 1.0-millimeter ¢ static pressure tube; the two lateral
O.Ji-millimeter § +test holes of the latter were at a distance
of 9 millimeters from the semicircular head and of 90 millimeters
from the sting (2 mm ¢) Wozzle diameter 4 4n the cylindrical part:
for the slots I - VI (4) = 17 mm, for VII, VIIT d = 13 mm. The
static pressure in the suction chambers was measured at their
~ lower end at sufficient distance from the measuring nozzles. The
suction air was guided through ducts (hose) from the méasuring
nozzles to the suction ventilator. The suction gquantity of the
slots was adjusted by throttling of these hose and by varying the
rpm of the ventilator.

3. Measurements
I. SBuction side:

1, Pressure distribution along the wing chord, measured by
static vressure holeg of 0.5 millimeter ¢ up to the slot VIIT,
from there to tho tvaillng edge with l.O-ndllimeter ¢ gtatic~
pressure “tube* .

2. Suction quantity of the eight test suction slots; neasured
with 17-millimeter ¢ nozzles for the slots I to VI and with
13-millimeter @ nozzles for the slots VIT and VIIT

“The static pressure tube of 1.0 millimeter ¢ used here wap
built like the one used for the calibrations of the measuring
nozzles. Control measurements with connecting pressure holes
showed that the static pressure p/qo had been measured within
an accuracy of ¥0.005.
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3. Static pressure in the elght test suction chambers, measured
with O.5-millimeter ¢ pressure orifices

: 4. Boundary-layer'profilefat the point ¢ ¢ millimeters behind
the slot VIII in 1.790 meters distance from the wing nose

5 Transition-pcint position by stethoscope and from the
break in the pressure-distribution curve at transition

- The suction was regulated.in such a manner that the. boundary
layer remained laminar as long as possible with a minimum of
total suction power. The measurements were performed for various
Reynolds numbers and, accordingly, different suction quantities.
Some measurements were repeated with wider suction slots. '

TABLE ON SLOT WIDIHS

Slot Tegts 8 to 37, 19% Tests 35 to TL, 1h*, &%
I 8 = 0.5 to 0.55 m " s = 0.65 m
11 .8 & 0.30 mm s = 0.3% mm ,

III s = 0.36 mm g = (.40 to 0.45 mm
Iv 8 = 0.45 to 0.48 mn 8 = 0.45 %o 0.50 mm-
v s = 0.35 to 0.4 mm g = 0.4 nm '
VI | 8 = 0.4 to 0.45 mm s = O0.b to 0.45 mm

VII g = 0.38 to O:4mm s = 04 mm

VIIT 8 = 0.3 mm 8 = 0.35 mm

II. Opposite wall without suction
1. Boundayy-layer profile at the tralling edge for various Re
2. Transition measuremeént by stethoscope for various Re

The bhoundeary-layer profile at the point G on the suction side
wag measured by means of a flat total-head tube of 0.12-millimeter
by 2-millimeter inner opening and 0.2-millimeter outer height from
the gide where no suction wee applied. By & micrometer the wall
distance of the static tube could be adjusted within an accuracy
of 0.0l millimeter. The static pressure at the point G was
measured by a 0.5-millimeter ¢ pressure hole which was located
next teo the total-head tube.

The boundary-layer profile at the trailing edge of the opposite
wall, to which no suction had been applied, wae determined by
measurement of the total head and the static pressure by means of
a total-head tube and a static-pressure.tube; the profile drag of
the opprosite side without suction calculated for both wing surfaces,
results therefrom sccording to known methods (Squire-Young;

RM 1838 (reference U)). - . ’ o

b, Symbols and Eveluation of the Suction Tests
o o Symbols
t wing ¢hord (2.032 m)

b span of test suction, for slote I to VI: b = 0.620 m, for
VII, VIII: b = 0.208 m, area of reference
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F projected area of wing (bt)

8o undisturbed total head outside of 5oundafy 1a§er or wake,
measured with respect to atmosphere, kilograms per metere

P, static pressure in center of one of side walls at beginning of
closed test section, 0.90 meter ahead of wing nose,
kilograms per meteré

do free-stream dynamic pressure kilograms per mstere (go - Po)

U, free- stream velocity( / ~qoﬂ>

1Y static pressure at surface of profile, measured with respect
t0 Dy, kilograms per meter?

Py static presgsure in suctibn chambers, measured with respect
t0 P, kilograms per meter?

Apg  suction-blower pressure, for acceleration of suction_air
to Uy, kilograms per metere

ur, mean air velocity In suction chamber at angle to wing at
point of static-pressure measurement, meters per second

u velocity in boundary layer or wake, meters per second

U velocity at edge ¢f boundary layef or gk, moters
per second

8 ,
Displacement thickness 6*'=\/p Q‘ - %£><ty, with y = wall distance:
0

o} total boundary-layer thickness

v 3 5
Momentum-loss thickness 6 =k/P (E)’/l -:%> dy
o o W\ U
H=~—
6
6, wmomentum loss thickness of one of wing sides far toward
rear at gtatic pressure Po :
Uyt :

Re = —
3%

Reg =

<,g§
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Qgqy suction quantity of different tést suction slots (i) = I to VIII
for one wing side :
Wb total profile drag sianificant for propulsion
W, ! drag contribution of wake
Wé drag confribution bf'suction blowers
Dimensionless coefficients:
Suction-quantity coefficient of the slot
ieg Qai
oL = 2§g§;
caleculated for botl} wing suxff‘aces_.
Total suction-quantity coefficient for both wing sﬁrfaces:‘
“Qp = ’izl ©Qy

Suction blower-pressure coetficient

Pes 90
W Syt Wy
(o] B e O LT e, O, TD e
Ve QOF, Yo Q.OF’ g aoF

The drags and coefficlents, respectively, were calculated for both
wing surfaces. ‘

v,
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Evaluation of the Suction Tests

Por evaluating the drag, one assumes that the cuctlion blowers
(efficiency 1n,) accelerate the suction alr to the fres-stream
velocity Up 5 flight direction toward the rear. A propeller
(in flight or installed in the tunnel) (efficiency np ) is pre-
supposed for overcoming the drag contribubion of the wake. The
efficiencies of the suction blowers end of the propeller are to
be equal: ng = Mp = N,

Then the total profile drag significant for the propulsion
becomes, according to chapter 4, 4(c)

I=1"

c...Q p 2
Weo = . t...._ag 2. - = ug }+J' 1
0= ® £ Uo (é Ub Fe 2 "’ :) i X W

YIII '
-2 3 ..:czz@ - ! (@
. ; @
i=1 <§;> &1
where
o, =L2vU 2. P, - LR ‘ (3)
8 o o) a o T

The factor 2 in the first term stems from the fact that Qa was
meagured for one wing sids only.,

Dimensionless:
VIII ' .
o, = Q} 2 5% 0
where '
20
oy ' =2 ~%~ = drag contribution of the wake (5)

(6, for onme wing side)
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With the suctinn-quantity coefficient

R (6

JaYs)
ET (7)
there becomes:
VIIT
= S | B . 1 \
Cow,y = < C@ippgi + Oy, = cﬂg + Cyr,, _ . (8)
where
VIII ‘
Cug = 2. “81%pg; T drag contribution of the sugtion blowers

Tt
H
et

(9)

In order to determine ¢
oo

the suction blowers and ¢ ' of the wake were ascertained.
\ o _

the drag contributions Cwg of

¢., : For the various teasts, the values ¢ and ¢ of
Vg ° ’ - Q5 Pot

the slots T to VIII were determined according tof(6), (7), (3) and
hence ¢y according to (9). p/2uL2 wvas in most cases neglibibly
small compared to p/?Ube - Pge -
ke .
In order to determine Cw\' = —Eﬁ,‘ f, was ascertained as follows:
The boumdary-laysr profgig was measured at gtation GO milliimeters
behind the slot VIIT at a distance of 1.790 meters from the front.
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From G “on, the lamina® bouddary-ldyer development (momentum-loss
thickness 6 and Reé ;»EQ_ vas calculated vith the measured
v

pressure dlstrlbution up to the experimencally detevminel tranaitlon
point according to Falkner and Howarth (references 45, 46 and 48))
‘At the trangition point 6 wvas agsumed constant., From the transition
to the txaillng edge 6 - was determined by means of 8 method of

differences according to Squlre-Young (xeferenc@ h), a wall shearing
" stress TO equal to the one of the turbulent flat plate without

nvessure gradient for equal Ree = UB (U = velocity at the boundary~

" *
layer edge) and with H = %T = l.hQ = congtant was presupposed:

e T% ey e o d. ,,l . 7 \t 't’,
ds g2 U HH + 2) (vown ary-layer momentum equa ion)

where

H+ 2= 3.4 U' = %g, s along surface.
The wall shearing stress is

-
f=

--c-)-,) =f(Reg)

ol

vhere ( = 2.557 X 1n (4.075R99) according to Squire-Young .
{reference L)
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PABLE FOR ¢ <(Reg). ACCORDING TO SQUIRE~YOUNG

Reg | 400 | 660 |. 80 .| 1000 1500 2000

ot 18.01 | 19.9h .| 20.68 | 21.26 | 22.29 23.02

Reg .| 3000 . | h4ooo | ‘5000 | 7000 | 10000 | 15000
¢ 2k .06 2h.80 | 25.36 26.23 27.1% 28.18

Rep | 20000 | 30000 | %0000 | 50000 | 2 x 109 5 x 105] 20°
' 28.91 29.99 30.70 31.27 32.05 34.83 | 380L

e b —— b e -’

The variation of € in the wake from the trailing edge tc very far
toward the rear vas debtermined also according to Squire-Young
(reference 4), with the aseumption that in the wake

U ) %
2) - k8
ln(U ke

(ses also reference Glc )e

The momentum loss thickness 0, far toward the rear becomes:

o Byt

ny 2
B = Gh ("ﬁ"’)

O

with the index h referring to the tralling edge. With Hy, = 1.h,
€. becomes _ -

hence follow a_ '
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5. Test Results

.+ . The test recults can be seen from the figures 77 to 90 and
the test tables which contain the following data (see at the end
of the report).

Tegt~Nos.

U,t

q_o, UO‘,V Re"‘"v-“", c%’ Cé

¢y and c¢p  for the eight suctlon slots, the momentum-loss

thickness 6 and the static pressure at the houndary-layer test
point G. o :

The pregsure distrlbutions along the chord, the static pressures
in the suction chambers end the transition»point positiona (arrows)
foregarious Re and suction quantities are plotted in figures 77
to .

The pressure distributions are flat and show a slight pressure
increase only in the rear part of the profile. The laminar pressure
increase before the transition amounts to 17 to 21.5 percent of the
pressure difference between stagnation point and pressure minimum.
At the suction points appears the typical pressure increase due to
sink effect which increases with growing suction quentity. Generally,
the boundary layer 1s accelerated between the slots. Only behind
glot VIII occurs a stronger laminar pressure increase which finally
leads to the transition in general shortly ahead of the trailing
edge. In most cases the pressure distribution curves show. the
typical bresk during transition.

"The negatlve pressures in the suction chambers increase with
growing suction quantity. They are smaller for larger Re, also-
for wider suction slots.

In the cases. of larger :Re. or of smaller suction quantities the
transition point travels forward. The suction guantities ﬂQt

required to keep the boundary layer laminar up to a place shortly
ahead of ‘the trailing edge are ‘generally small. With increasing
suction quantity more suction has to be applied, see optimum curVe
®Qtopt (Re) for the minimnm ‘total drag. (See fig. 8l.)

For suction quantities smaller than CQL % one may asoertain
by stethoscopa, isolated turbulent bursts in the reaxy part of the
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profile, which, with decreasing suctlon quantity rapldly become
more frequent and start farther toward the front. The transition
starts earlier and takes place in a mcre or less wide transition
region which is no longer sharply defined. In these cases. the
boundary layer becomes turbulent by the effect of the. wind tunnel
turbulence.

The critical Reynolds numbers Reg = %?A during transitﬁon,

vhere the boundary layer under the effect of the external turbulence
barely remained laminar, were for

Re = 2 %o b x 106, Reg, = 930 %o 880

wlth the narrower suction slotévas well ag with the wider ones.
Eor 1arg¢r Re resulted somewhat lower Regcv'

The criﬁidal Reg-values are slightly larger on the suctlon

gide than on the opposite wall to which no suction had-been applied
and are practically of the same magnitude as for the laminar profile
1h-percent thickness in figure 12. ’ 3

It may be concluded that a laminar boundeary layer with suction
reaches the transition point, due to an external turbulence, for ‘ .
equal Reg-values, as without suction for identlcal flat external
pressure distribution if the slots are correct}y‘adjusted. :

Smaller Ree resulted only for very weak suction, The

suction slots probably were too wide for very small uuction qu&ntlties
(as was.shown by a verifying calculation of the laminar boundary-
layer development with suction); hence, a local laminar separation
occurs at the slot inlet thus causing the boundary layer continuing
behind the slots to be disturbed (observation by stethoscope) .

The boundary-layer profiles at the station G-9 millimgters
behind the slot VIIT for various suction quantities and aynamlc
pressures can be: seen from figures 82 to 87.

. For weak suctlon, ‘the boundary layer proflles are slmilar as

on a flat plate without pressure gradient (Blasius (reference 42)) A
‘and become fuller W1th increasing suction quantity. (See" also ‘ e
néastrements by M. Rag (references 66 to 68} with laminar area

suction and calculations by H. Schllchtina (reference 70) about

,;laminar area. suction on a flat plate.) i
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Tn figure 88 the optimm total drag Corpo With suction (curve b)

+
is plotted versus Re = ng and compared with the opposite gids

(curve a) to which no suction had been applied.

For larger Re +the drag 1s considerably reduced by the
laminar boundary-layer suction. The increase of the drag due to
tunnel turbulence starts with suction for conslderably larger Re.
Without suction cy,, decresses with Re similarly to the laminar

plate friction to Re = 106 and ‘increases again for larger Re,
owing to the forward travel of the transition dus to the wind-
tunnel turbulence (fig. 89) ‘

Up to Re = 4 x 106 the drag with boundary—layer suction was
only elightly larger than the leminsr plate friction; the Reynolds
numbers Reg were relatively low. For Re = L X lOé resulted
Cyeo = 0,00167. For larger Re (L xvlo-)»cw increased again due
to the effect of the tunnel ‘turbulence: The suction in the suction
slots must be made stronger and stronger, in order to avoild -
at larger Re - turbulent discontinuities which increase the skin
friction and start at Ree . Hence, larger slot losses and very

thin laminar bowndary layers result directly behind the suction
slots, causing an increase of the surface friction. Thereby the
drag Cw, for larger Re, sagain increases, although it was by

means of suctlon pogsible to maintain the boundary layer laminar up
to Re = 5.4 x 106, For larger Re the lowest drags resulted
precisely with the gtart of a few isolated turbulent bursts which
did not yet cause a large increase in skin friction.

The plot of the varistion of ¢, and o, versus the suction

c\

quantity ch for Re = 3.0 X lO6 can be seen from flgure G0, -

Oy, Varies with oy similarly as for the first laminar
suction wing of 6.75-percent thickness (chapter 4, 4):

Cyr, is smallest for the optimum suction quantity Coy, pt For
smaller cq -values turbulent discontinuitleq appear in the rear
part of the profile, increasing Cy,,+ Tor larger cqy the laminar

boundary layer becomes thimner (see boundary-layer measurements
figs. 82 to 87) cau31ng en increase in skin friction and cy .

Widening of the slots resulteﬂ in smaller negative pressures
in the suctwon tank and thue in somewhat lower oy and oy
(test 38 14* , 5h).
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The drag could be decreased still farther by placing more :
guction slots behind slot"VIII thus '

- 1. Maintaining the boundary layer laminar up to the trailing
edge :

2. Recovering a considerable pérf bf the kinetic-wake energy
of the boundary layer at the trailing edze {presupposition:
acceleration of the suction air to Up,)

The deshed curve c- (fig. 88) shows the drags which may be
attained by placing two more slots near the trailing edge. The
curve ¢ was calculated from the test values with the ald of a
theory of the laminar boundery-layer development with suction.

The fact that the drag slgnificant for the propvlsion can bs
lower than the laminar plate frictlion can be explained by the
partial recovery of relatively large kinetic wake energy of the
laninar boundary layer. By wake utilization the drag of the
laminar flat plate could be decreassed, on principle, by 21.3 percent
(fig. 88, curve d).

6. Extension of Schlichting's Theory on the Laminar
Bowndary-Layer Development with Ares Suction
in the Case of Acceleration of the Sucked Air
| to the Undisturbed Free-Stream Velocity U,
'H. Schlichting calculated the laminar boundary-layer development
on a flat plate with area, suction at constant suction wveloclty - 4

perpendicularly to the plate (reference 70)}. Schlichting made the

‘Tollowing formulation for the velocity distribution in the boundary
layer: -

2=1-eMy Kne ™M, = e

it

Lo
»

D

thus, he obtained the distribution of the skin friction CWR' shown

v
in figure 91 for various Re and sucticn intensities - 52,(05 =
undisturbed Free-stream velocity). ‘ e

.
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- The condition on the plate infinitely far toward the rear is
glven with strict accuracy whereas for smaller Re, oy, is

overestimated. Without suction the result is, according to
Schlichting, -

1.66

s 1.328 . s
Coy = instead of ='2%< according to Blasius
WR i/..t‘.‘. ;/ﬁ

- If the suction air is accelerated to U, without loss, the
drag cw2 which is signifiicant for the propulsion becomes con-

siderably lower than the skin friction Cypy ‘the reason i the

recovery of the kinetic wake energy of the sucked air which
otherwise moves forward with the plate, (See fig. 92.) For an

1
infinitely long plate ng becomes cw2 = EGWQ

The drag Cwp for acceleration of the suction air to U,
decreases with Re considerably more strongly than the surface

friction CWR under the assumption of wniform suction intensity - %?).

Hence, low drags Cwn becoms possible at largér Re for relatively

thin laminar boundary layers which are, with respect to stability,
better controllable.

Conversely, it is probably possible to obtain, for higher
admissible laminar Re-values (with wezlr external turbulence) with
the aid of the laminar boundary-layer suction very large Re
under laminar condltions; the drag Cys WoUld become only slightly
larger than the laminar-plate friction.

A further drag reduction would result 1f one would, mgfeover,
accelerate the boundary layer at the end of the plate without loss
to Uy, thus possibly recovering its wake emergy. (See fig. 93.)

The utilization of the wake energy of the boundary layer on
a laminar suction profile could be attained with relatively small
losses by graduval suction of the boundary layer in the rear part
of the profile through several suction slots placed one behind the
other for a static pressure increasing toward the rear, and by
reacceleration of the sucked air to U,. In each slot, suction
need be applied only to a fraction of the respective boundary layer,
go that small slot losses result. In this manner a thin laminar
boundary layer would result at the trailing edge of the wing; its
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wake energy would now be only slight, moreover, it is partially
recovered during the following acceleration in the wake. An
arrangement of pressure propellers also would meke it possible
to recover a small part of the boundary-layer wake energy (as in
the similar case of wake propellers of ships). S
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CHAPTER 8

INVESTIGATION OF A SLIGHTLY CAMBERED LAMINAR SUCTION
PROFILE OF 10.5-PERCENT THICKNESS

1. Purpose of the Invesfigation

The laminar pressure increase with boundary-layer suction was
studiéd for higher Re, at normal wind-tunnel turbulence and for
various cg, on a slightly cambered profile of 10.5-percent
thickness and conventional- thickness distribution. Furthermore,
the drag reduction by the laminar boundary-layer suction was
investigated. .

2, Profile, Test Arrangémsnt

" The investigated profile with the suction slots can be seen
from figure 9L. _

Profile thickness d/t = 04105
Curvature of the mean line T/t = 0,019
Nose curvature radius Ro/t = 0.0097

With the selected thickness distribution, the pressure increase
on the upper surface starts relatively far to the front.

The wing which was made of wood was erected vertically between
floor and ceiling of the closed wind-tunnel test section., In the
central wing section were the test suction slots of 0.18 meter
length with auxiliary suction slots on both sides. Suction was
applied to the bowmdary layer on the upper surface through 14 slots
and on the lower surface through 10 slots. For most tests the
foremost slots of the upper surface were sealed with pubty and no
suction was applied to them (see test tables). A separate suction
chember, In which the static pressure was measured, was connected
to each suction slot. The esuction quantity of each test suction
slot was determined by calibrated measuring nozzles attached to the
lower end of the suction chember. The suction chambers were conically
developed in suction direction and had a cross sectlon with ample
dimensions. The auxiliary suctions were adjusted as similarly as
posslble to the test suction.



66 ‘ NACA TM No. 1181

 Form and position of the suction slots can be seen from
figure 94, The narrow slots which are developed as diffusers have
a rearvard inclination of 60°. The forward or rearward curvature
of the slots served only for deflection of the suction air, not
for an artificial production of turbulence of the slot flow.

In order to intensify the laminar pressure increase by sink
effect, the surface in the slot vegion was mede slightly wavy
on the basis of earlier tests, for test 21 considerably less
than for the test 27 to 55 (see prcfile sketch) : :

The suction slots along the span were as far ag possible
identically adjusted (congtant slot width and shifting of the
trai%ing edge of the slot relative  to the slot inlet along the
glot})., . :

3+ Measurement with Taminar Boundary;Layer,Suction y

(a) Pressure distribution along the -chord, measured with
0.5-millimeter ¢ pressure holes and with 1.0 millimeter
static-pressure tube; (b), (c) suction gquentity and statlic pressure
in the different test-suction chambers (with calibrated messuring
nozzles and with 0.5 mm ¢ bore holes); (d) momentym measurements
in the wake.

The boundary-layer oonditlontln the suction Végion wes
verified by stethoscope. The boundary~layer suctlion was fegulated
to the lowewt pousible total drag. ' 4

The tests were preforméd for‘various' Cg (frdm‘pressure '

Ut . : R
~ distribution) and Re = —3—; in a few cases the suction quentity
was varied., For the tests 27 to 55 the slot widths were enlarged
as compared to test 21. , ;

o “without. svction in‘thé.parﬁ‘of fhe
comin

wings to which no suction had: been applled was determined for .
various Re by means of the momentum method., (See fig. 95 . )

For comparison, ¢
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Symbols and Evaluation of the Suction Tests
 Ving chord t=1.05m

- Span of thé tegt suction b = 0.18 m‘

_ Reference area T = bt.= 0.186 m?

The investigated wing was relatively large, compared to the
oross-sectional area of the test section (3 x 2.12 m, octagonal).
The profile then operates between side walls or in a wing cascade
(mirrored wings). In order to obtain from the test values the
properties of the investigated wing as individual profile in the
unlimited air stream, the undisturbed free-stream dynamic pressure g,
end the free-stream velocity U,, respectively, and the statlc
pressures at the profile.evaluated as follows: The tunnel side
walls and the wings mirrored on them, regpectively, cause the test
wing in the center of the tunnel to be subjected to a stream of air
with a velocity which is by AU larger than the free-stream
velocity UbG far toward the front: Uy = Uy + AU. (The index G

refers to the cascade.) AU is the incremental velocity due to the
mirrored wings at the location of the test wing. The undisturbed
gtatic pressure P, at the location of the test wing is by

p/2 (U‘o2 - Ubge) lower than the static pressure p,, far shead
of the wing. G

The incremental velocity AU at the location of the test wing
under the influence of the mirrored wings was calculated by replacing
each of them by a source and sink at 0.8-meter distance in free-
gtream direction and a vortex. The strength was chosen so that the
maximum thickness of the mirrored wings equalled the one of the
test wing. The mirrored vortices do not cause an incremental
velocity in free-stream direction in the tunnel center at the test
wing location, on the other hand, with growing cg the effective
profile camber is increased by Af (seé Prandtl-Betz (reference 85):

85/t = 0.0023¢c,. There resulted £5- = 0.006, thus Up = 1.006U .
The following quantities were measuréd: the static pressures pg.

and Py, on both tunnel side walls at the location of the maximum
profile thickness for installed test wing, furthermore, the ftotal
head gy and the static pressure Pog' at the location of the

test wing (for “empty-tunnel® condition) (pWI . Doy and g, were
were measured with the atmosphere as reference’ ievel). In general,
Py, and. Py, Eve different dus to the circulation around the wing.
Becauge of the displacement effect of the.wake behind the wing poG'
is slightly different from POG'
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The static pressures p at the profile surface and Py in the
suction chambers were determined with p, as reference level.

Evaluation of Dy, 4o, U, Trom Dy, Pyoe- The incremental

velocity AU, at the tunnel side walls at the location of the
maximum profile thickness under the influence of the test wing
and. the mirrored wings together was calculated, all wings were
replaced by a source and a gink at 0.8 meter distance each. From

AU, AU, and pW = -~w—~2 follows the undisturbed static

pressure Dp, at the location of the test wing (squared terms of
AU and AU, neglected): '

Po - Bw, 2AAU, - AU)

dog Uog
with -
AT,
~— = 0,01
Uoge 015
N
Q.O = 80 - po
f‘?”"“
o

The further symbols and the drag evaluation are the same as
in chapter 4, 4. Acceleration of the sucked air te U, and
equal efficiency of propeller and suction blowsr ywere @resunposed.

The kinetic energy, §UL2 of the sucked air in the suction chamber
was included in the blover pressure Ap,.

Qai. suction quantity of slot (i) measured with calibrated
measuring nozzleg of game shape as 1n best@ of chapter 7

Apgi

Py, . static pressure in the suctlon chamber (il measured with
1 0 S—milllmeter ¢ holes

suction blower pressure for slot (;) Qo = Pgi -»~uL€)
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P static pressure at the surface
L UGt R
Re = —\T*- o
Suction-quantity coefficient cq; =% of the slot (1). Total
~ suction-quantity coefficlent o
% = Cq
i=1-1h 1
1'-10'
for upper side, ‘
SN .
CQO P ]
i=1
for the lower side,
S
ey = ¢
Q'u jérn Q’l

20

1 (=]

Drag contribution of the wake ¢, = ~—) determined by momentum
- N
measurements. Total profile drag signi%icanﬁ for the 1lift

- 1
Ctre = Cwoo T Crg

cy was evaluated from the pressure-distribution measurements.
‘The test results cen be seen from the test tables and the
figures 95 to 103.
4, Test Results
The minimwm drag with laminar boundéry-layer suction (power -

required for suction included) is plotted versus Re for varlous cg
in figure 95 and is compared with the measursment without suction.
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In spite of the thickness distribution which is not particularly
favorable with respect to drag, the resulting total drag for

Re = 2,2 X 105 is cy, " = 0.0023 with suction, compared to
‘ op ,
Cwoog = 0.00535 without suction for Re = 1.h X 106. With suction
op

Oy, decreases with Re wup %o 2 X 106 \similarl& to the laminar
friction of the flat plate and is only slightly larger than the latter. -

For Re> 2.2 X 106, Cy, increases again due to the wind-

tunnel turbulence (starting of isolated turbulent bursts similarly
as in the suction tests of chapter 7).

By widening of the suction slots (tests 27 to 55) the slot
losses and o = were reduced (comparison of the tests 27 and 21).

Figure 96 shows the optimum profile drag polars with laminar
boundary-layer suction for various Re. '

Since the boundary layer was kept completely laminar up to
the trailing edge on both wing surfaces, ¢, remains low in a
considerable cy-range, thus causing-favorabf% profile-drag 1ift
ratios. In order to maintain, for larger cg, the boundary layer
st1ll laminar up to the trailling edge in spite of the growing
pressure increase, stronger suction must be applied on the upper -
gide, whereas the suction of the lower side may be correspondingly
reduced, and vice versa.

For still larger (or smaller, respectively) Cy One wing
side finally becomes turbulent in spite of stronger suction, due

to the incipient suctlon peak at the wing nose, hence, the drag
increases accorilingly.
The influence of the suction quantity cq om cy_, Y

Cor,,
and cW.g can be sgeen from figure 97 (Re = 2.2 X 106).

For ¢ the boundary layer remains laminar down to the

Weo
opt
trailing edge with small cuction guentities °Q, " on both wing sur-
faces. For larger suction quantities (CQ > CQOétE the leminar

gkin friction and the total drag c_  increase. For weaker suction

(%Q < cQopt) isolated turbulent bursts ehart in the boundary layer,

in the region of the pressure ihcrease, which become rapildly move
frequent with decreasing suction quantity and increase the skin
friction and Cyp,*
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The percent-drag contribution of the suction blowerg to the
total drag is cons*derable, particulazl; for larger Re.

Figure 98 shows a comparison of the wakes with and without -
suction. The dreg contribution of the wake with suction is very
much smaller than the drag without suction. ~

The pressure distributions along the chord can be seen from
figures 99 to 103. The test points obtained by pressure holes and
the static pressures in the suction chambers are plotted. The
pressure=digtribution curves were supplemented by measurements
with a 1.0 ¢ gtatic-pressure tube; the corresponding test points
do not apprear in the nlot.

For larger Re cons1dérable jaminar pressure increases vere:
obtained with the aid of ‘boundary-layer suction, for instence; in
test

. Leminar pressure increase
Ko %a . Re.’ , (percent)
27.1 | 0.232 | 2.16 x 106 19
LWy AT 2.02 56
55.3 587 1.45 63.3

The sink effect makes an essential contribution to the laminar
pressure increase.

For a few cases the laminar boundary-layer development was
determined along the chord down to the trailing edge. The boundary-
layer development along the wall between the slots was calculated
according to Pohlhausen (reference 43). The boundary-layer momentum=
loss thickness 6 directly behind the locations of suction was
determined according to Bernoulll from the momentum-loss thickness
of the bowndary-layer part ahead of the suction point to which no
suction had been applied (mixing within the bowmdary layer with
pressure increase as a result of sink effect neglected). There-

from resulted 6 along the chord and Regy = %Q, respectively

(U = velocity at the-edge of the boundary layer at the pafticular
station). Those critical Reynolds numbers Reg were designated
by Reg,,.. where the boundary layer just remained laminar on both
surfaces dovn to the trailing edge.

Influence of the external pressure distribution on Req,,..
For not too small cg-values (ca > 0.27) similar Reg,,.. resulted
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on the lower wing surface (flat pressure distribution) as for the
symmetrical suetion profile of 3.35-percent thickness of chapter 7
(Reecr = 800 to 850). On the other hand Beecr on the upper surface

in the pressure-increase regién was esscntially lower, particularly
for larger cg, Reecr = 550 (at start of pressure increase) to

40O to 450 at the end of the pressure increase in the neighborhood
of the trailing edgé).y Thus, similarly to the case without suction,
higher (or essenﬁially lower) Réécr then for pressure gradlent
zero result for accelerated (or retarded) external flow for laminer
boundary-~layer suction. '

Influence of the sink effect on Rey ..~ The tests 21 and 27

with sink effect of different strength resulted in practically equal
Reg-values, with cQopt remaining the sames Thus it seems that

primarily the total external pressure increase is decisive for the
stability of a laminar boundary layer with suction with increasing
pressure. Whether this total extermal pressure increase is to a
larger or smaller extent created by sink effect or by the flow
along the wall seems, within certain limits, of lesser importence.

If one calculates from the velocity gradient u' of the
external pressure digtridbution as 1t would result without sink
effect a gquantity » = 69/Vu' (which corresponds to the Pohlhausen
method), the following values result in the region of Increasing
Pregsure on upper and lower side: M\ = -2 (start of the pressure
increase) to -8 (at the end of the pressure increase). Therefore,
similar negative A-values are obtained for laminer pressure increase
with boundary-layer suction as without suction, under the assump-
tion of equal external turbulence and equal Reg .

5.« Conclusions from the Tests of Chapters 7 and 8 for the
Design of Laminar Suction Profiles with the LoWest
- Posgible Drag for High Reynolds Numbers

In order to obtain for laminar suction profiles highest possible
Rey over a large range of the wing chord, and thus a low surface
friction and small drag for larger Re, one should use profile shapes
with uniform pressure distribution and a pressure increase occurring
far toward the rear, as they were developed for laminar profiles
without suction (chapter 3). This corresponds to the combination of
the test of chapters 7 and 8.
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Weak suction only would have to be applied. in the region of -
flat pressure distribution. Boundary-layer thickness and Regy
would have to be reduced by suction shead of the pressure increase.
So much suction would have to be applied in the reglon of pressure

increase that, for the present turbulence %%-= 0.00k, Ree

0.
remains Ree < 500 and x ??u’, does not become excessively

negative - (A 2 -6) (u' = veloclity gradient of the external pressure
distribution without sink effect)

6. Prospects for Application of Laminar Boundary-Layer
Suction in Flight for High Reynolds Numbers

The calculation for flight measuremente on a laminar profile
of 15.9-percent thickness (15) resulted, ahead of the transitlon,

in a Reynolds number Reg = ‘.19- = 2600 1in the reglon of the point of

laminar separation (chapter 2, 2), that is, about three times more
than for the present wind-tunnel tests. Hence, presumably, for
leminar suction profiles in flight, with a boundary layer kept
completely laminar, about three times smaller drags for nine times

U.t
higher Re = «8» are possible than had been measured in the wind

tunnel.

For higher flight velocities the percent atmospheric

turbulence %%~ decreases] thus one could then expect higher

leminar flow Re and lower drags, &t least as long as no com-
pressibility disturbances appear.

The drags of fuselage and tail unit also could be considerably
reduced by maintaining the boundary layer laminer with the aid of
suction. The fairings from wing to fuselage, etc., also could,
in principle, be kept laminar by boundery-layer suction.

The induced drag which now gains renewed importance may be
reduced by enlarging of the span and increasing of the flight
velocity, possibly by staggered flight arrangement (as used by
migratory birds). The optimum drag/lift ratio would result for
small cg, that 1s, for high flight speed at not extreme sltitudes.
Large spans reguire wings with sufficlently thick profiles and
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adroit design of the wing structure. In order to obtain high Mach
numbers without compression shocks, the superstream velocities ought
to remain as small as p0351ble : »

For laminar suction profiles in flight existe the possibml;ty
to adapt the boundary-layer thickness and Reg, respectively, by
means of boundary-layer suction to the respective state of turbulence
of the atmosphere. For higher atmospheric turdbulence stronger suction
would have to be applied farther toward the front in order to keep
Reg suificiently low and to obtaln a lower sensitivity with respect
to variations in angle of attack due to gusts, etc. Conversely,
wesker suction could be applied in case of the alr being very calm,
resulting in larger Reg and correspondingly lower drags.

Translated by Mary L. Mehler
National Advisory Committee
for Aeronautics
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APPENDIX

REDUCTION OF ‘THE PROFILE DRAG' FOR SMALL Re BY ARTIFICTALLY
PRODUCED TURBULENCE OF THE BOUNDARY LAYER TN THE REGION
- OF THE POINT OF LAMINAR SEPARATION

. It had been shown on the propeller profile number 11 of
9-percent thickness (fig. 11, chapter 3, 3) that the boundary
layer of the upper wing surface undergoes, for small Re and
smooth inflow, laminar seperation and does not turbulently readhere
( stethoscope); hence, the profile drag is sometimes considerably
increased. Only for larger c4 the boundary layer of the upper
wing surface 1s disturbed so much that the transition occurs in
time to obtain here a turbulent readhering of the boundary layer
for emaller Re. :

. A report on tests on a medium-cambered profile of 6-percent
thickness (fig. 104) follows. The profile-drag polars on this
profile were, for smaller Re, Improved by artificially produced
turbulence of the boundary layer on the upper wing surface in the
region of the point of laminar separation with the ald of surface
distu§bances (steps in the surface, see fig. 104: disturbances 1
and 2).

For various Re and c, momentum measurements were performed
on the smooth wing and with the disturbances 1 and 2. (See profile-
drag polars figs. 104 to 107.) For low Re the profile-drag
polars are definitely improved by wse of the disturbances, the
boundary layer after the disturbance generally turbulently readhering
and undergoing laminar separation only for very small Re
{observation by stethoscope). The disturbance then would have to
extend farther to the front. '

The weaker or stronger disturbance 1 or 2, respectively,
improves the drag polar meinly in the Re-reglon of 250,000 to 300,000
(or 200,000, respectively). TFor larger Re the boundary layer
becomes unnecessarily early turbulent due to the disturbance
(abservations by stethoscope), thereby correspondingly increasing

the profile drag. The Reynolds number Rep = %l referred to the

distance 1 from the start of the disturbance to the start of
transition resulted for the present case as Rey = 48,000
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(1 = distance from start of disturbance to start of transition;
U = mean velocity at the boundary-layer edge between start of
disturbance and start of transition).

The method of producing an artificial turbulence of a laminar
boundary layer in the region of the point of laminar separation
is, in general, successfully applicable if otherwise a stronger
laminer separstion occurs and the boundary layer dces not turbulently
readhere.
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TABLE OF COORDINATES

Laminar profile ' Laminar proﬁle"
Propeller profile No. 11 | 4/ = 9.10 in 0.49 t from the front| d/t = 0.140 1in 0.44 t from the front
R/t = 0.008 £/t = 0.00525 in 0.50 t from the front| f/t = 0.0245 in 0.41 t from the front
x/t Yo/t ~¥u/t x/t Yo/t “¥u/t x/t Yo/t ~Yu/t
(1} 0 0 0 0.00107 -0.00107 0 0.0030 -0.0030
.025 .0190 .0115 .025 .019 .014 .025 .0324 .0180
.05 . 0285 .0142 .05 «02567 .01954 .05 .0443 .0224
.1 .0419 .0174 .1 .03435 .0272 .1 .0600 .0284
2 . 0581 .0190 .15 .0404 «03235 .2 .0788 .0380
.3 . 0680 .0182 .2 +0446 .0364 .3 .0892 <0420
.4 .0723 .0166 .3 .0511 <0411 -4 .0940 . 0436
.5 .0723 .0142 4 . 0547 .0431 .5 .0936 . 0436
.8 . 0692 .0126 .5 . 0556 <0443 | .6 . 0868 .0416
.7 . 0617 . 0095 .6 . 0550 . 04275 .7 .0736 + 0360
.8 . 0486 .0071 .7 .0502 - 0394 .8 .0492 «0284
.9 .0288 .0032 .8 +0393 .0329 .9 .0140 0148 _
.95 . 0154 .0012 .85 . 0309 . 0267 .95 .0040 .0068
.975 .0087 .0000 .9 <0194 .01926 1 0 0
- 0 0 .925 .01334 +0144
.95 .0078 .0088
<975 00405 0031
1 0 0
R,/t = 0.009 R,/t = 0.019

*To the laminar profile d/t = 0.14 (fig. 12). According to measurements of F. Feldmann in the high-speed
tumnel of the Institute (description, 61 a) compression shocks for this profile start, for shockless entrsnce, at
a Mach number M = 0.71. For M = 0.76 - 0.77 and shockless entrance the 1ift decreases and disturbances

in longitudinal stability appear. (Re = 570,000)
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No. 14* 53 12 38 13
q, 32.3 32.3 32.2 32.4 32.2
U, 23.68 23.60 23.76 23.84 23.73
v 16.00x 10™6 15.85 x10~6 16.10x 10~6 16.25x% 10~6
Re 3.004 x 106 3.015 x 106 2.998 x 106 2.981 x 108 2.982 x 109
B 0.487 0.532 0.557 0.584 0.524
p 1 ' ~3 ) o/ -
Slot Cg/2° c €o/2%/00 € Cox1073/2 ¢ Co/2°/, c €9/2%00 €
: Q/ /o0 Pg Q/ Pg Q Pg Q oo Py Q Py
1 0.0752 1.102 0.0643 1.098 0.0552 1.106 0.0466 1.092 0.0637 1.111
2 .0376 1.143 .0318  1.127 .0267 1.142 .0233 1.110 .0308 1.153
3 .0342 1.105 .0293 1.096  .0243 1.117 .0216 1.083 .0286 1.125
4 .0342 1.078 .0204 1.074 .0254 1.074 .0220 1.063 .0292  1.079
5 .0352  1.165 .0303 1.149 . 0258 1.150 .0220 - 1.119 .0298 1.166
6 .0453 1.118 .0395  1.107 .0336  1.102 .0290 1.089 .0389 1.115
7 0344 1.120 .0283 1.105 .0237 1.097 .0207 1.085 .0288 1.109
8 .0288 1.123 .0242 1.106  .0198 1.092 .0173 1.059 0226 1.117
C,%/00 0.648 0.556 0.4690 0.401 0.544
ngo/oo 725 -613 522 441 612
No. 14 16 17 18 15
4 32.2 32.0 32.0 32.0 32.2
U, 23.73 23.63 23.66 23.63 23.73
Y, 16.20x 1076 16.30% 10~8 16.15%x 1078 16.10 x 10~6
Re 2.982 x 108 2.960 x 108 2.942x 106 2.964x 108 2.998 x 109
By 0.494 0.416 0.372 0.308 0.456
for p/q, <036 .049 «050 .056 <043
0 {+]
Slot  €q/2%/p0 Co, Ca/2%00 Opg €q/2°/00 Cpg Co/2%00  Cp.  €q/2°/o0 Cp,
1 0.0750 1.118 0.1084 1.145 0.1282 1.165 0.1703 1.225 0.0912 1.128
2 .0351  1.182 .0534 1.243  .0651 1.276  .0843 1.386  .0449  1.207
3 .0335 1.146 .0491 1.180  .0591  1.207 L0773 1.276  .0412  1.167
4 .0338 1.083 .0498 1.094  .0598 1.101 .0770 1.116  .0419 1.088
5 0353 1.191 .0521 1.259  .0628 1.299 .0817 1.393  .0429 1.222
6 .0462 1.125 .0672 1.160 .0809 1.184  ,1042 1.263  .0560 1.140
7 .0341  1.125 .0481 1.175  .0581 1.211 .0740 1.369  .0399 1.149
8 .0286 1.140  .0393 1.229  .0497 1.297 .0602 1.444  .0352 1.179
Cq to/oo 0.644 0.936 1.130 1.458 0.786
ng"/ 00  .732 1.104 1.370 1.885 .908
1’I‘x‘an‘slator's note! A value of CQ/2° oo °F CQ 10—3/2 of 0.0752 denotes a value of

CQ of 0.0000752.



NACA TM No. 1181 86
&*
No. 20 19 33 34 36
q, 45.07 45.6 45.0 45.1 45.3
U, 28.22 28.32 28.19 28.22 28.17
v 16.43 x 1076 16.30 x 10~ 16.41x 10°6 16.41x 1076 16.01x 1076
Re 3.488 % 10 3.530x 106 3.49x 106 3.496x 108 3.575 x 108
6 0.422 0.472 0.456 0.376 0.276
for p%lo .035 .028 .032 037 .049
0 o 0 o . o
Slot  €q/2%/50 Cpg €q/2% 50 Cpy €q/2% o0 Cog €q/2% 50 cpg €q/2%/00 Cpg
1 0.0807 1.107 0.0645 1.094 - 0.0713 1.097 0.1032 1.113 0.1554 1.152
2 .0402 1.155 .0317 1.127 ..0358 1.134 .0506 1.174 .0764  1.232
3 .0366 1.122 .0292 1.098 .0327 1.101 .0470 1.121 .0696 1.146
4 .0369 1.077 .0292 1.070 .0330 1.073 .0467 1.080 .0691 1.089
5 .0388 1.174 .0303 1.144 .0344  1.152 .0495. 1.195 .0736 1.258
6 L0495  1.122 .0393  1.100 .0434  1.109 .0633  1.141 0042  1.208
7 .0360 1.119 .0286 1.097 .0316 1.104 .0470 1.139 .0691 1.212
8 .0290 1.139 .0238 1.094 L0260 1.115 .0394 1.188 .0575 1.320
Cq%/00 0-696 0.552 0.616 0.894 1.328
Cy °/ .785 .611 .684 1.018 1.585
g 00
No. 37 39 41 43 40
1, 45.4 11.15 10.96 11.29 11.40
Y, 28.20 13.93 13.81 - 14.01 14.12
v 16.01 x 10~6 16.00 x 10~6 16.00x 106 16.00 x 10~6 16.15 x 10~6
Re 3.580 x 106 1.768 x 108 1.753 x 106 1.779 X 105 1.775x 106
Om 0.230 0.870 0.830 0.760 0.842
for p/q, 051 .001 -009 .019 <004
0 (o] (o] [e]
Slots  €q/2%0 Cpg €q/2% 0 cpg €9/2% 00 Cpg €q/2% 00 Cp, €q/2%/00 Cpg
1 0.1958 1.202 0.0268 1.094 0.0428 1.111 0.0623 1.126 0.0314 1.099
2 .0963  1.297 .0144 1.115 0213 1.140 0306 1.177 .0164 1.121
3 .0876 1.176 .0137 1.089  .0200 1.104 .0286 1.129 .0160 1.091
4 .0867 1.100 .0137 1.073  .0200 1.082 .0286 1.093 L0151 1.075
5 .0929 1.321 .0137 1.116  .0200 1.146 .0293  1.190 L0151 1.125
6 1172 1.283 L0175 1.099 0261 1.118 .0385 1.135 .0203 1.105
7 .0862 1.289 .0138  1.083 0200 1.105 «0274 1.136  .0163 1.089
8 .0752  1.463 0113  1.071 .0157  1.099 0226 1.136  .0124 1.081
Cq t°/°° 1.676 0.250 0.372 0.536 0.286
’ 2.104 .273 414 .610 .315

Cy O
‘g/OO
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No. 44 45 42 32
q, 11.31 11.49 11.30 11.37 45.3
u, 14.03 14.13 14.03 14.04 28.22
v 16.00 x 1076 16.00 x 10°6 16.00 x 10”9 16.00 x 106 16.30 x 1076
Re 1.780 x 106 1.793 x 108 1.780 x 106 1.783 x 108 3.515 x 108
- 0.700 0.598 0.668 0.780 0.486
for p/q, .027 .048 035 .015 024
[¢]
Slot  €¢/2%/4 cpg €9/2% 00 cpg €0/2% o0 cpg €q/2%/00 cpg €9/2°/00 cpg
1 0.0812 1.143 0.1258 1.184 0.1010 1.162 0.0514 1.117 0.0571 1.094
2 L0399  1.217 .0618 1.316 .0500 1.260 .0257 1.160  .0282 1.122
3 .0374  1.153 .0573  1.209 L0464 1.177 .0245  1.117 .0258 1.097
4 L0377  1.104 .0579  1.129 0461  1.115 .0238 1.086 0263 1.066
5 .0393  1.239 L0601  1.347 .0484 1.285 .0245 1.164  .0271  1.133
6 0508 1.157 L0772 1.216 .0629 1.181 .0316 1.123 .0352 1.088
7 .0363 1.174 .0584 1.265 L0457  1.212 .0232  1.119 .0256 1.089
8 .0292  1.186 .0466 1.326 .0373  1.248 .0183  1.112 0220 1.070
CQto/oo 0.702 1.088 0.872 0.444 0.494
ngO/oo .822 1.352 1.048 .501 .543
No. 55 54 35 56 57
q, 45.4 32.5 45.5 45.1 57.8
U, 27.97 23.64 28.23 27.87 . 31.73 6
v 15.85 x 10~8 15.85x 10~ 16.01 x10-% 15.85 X 10~ 16.03 X 10~
Re 3.582 x10°8 3.030 x 108 3.580 x 106 3.570 x108 4.02% 10
Oiam 0.420 0.440 0.316 0.328 0.442
for p/aq, .034 .038 .046 045 .031
(] (1] (2 (s]
Slot €q/2% o0 Cpy €q/2% o0 Cpy Co/2% 00 Cpq €o/2% 00 Cpy €o/2%/ 00 cp‘g
1 0.0792 1.095 0.0931 1.110  0.1284 1.126 0.1228 1.118 0.0678 1.087
2 .0400 1.133 .0463 1.166  .0638 1.193 .0610 1.187 .0336  1.112
3 .0364 1.097 .0426  1.117 .0587 1.128 0559 1.123 .0308 1.084
4 .0366 1.073 .0430 1.081  .0581 1.084 L0559 1.082 .0310  1.064
5 .0384  1.157 .0447 1.193 L0618  1.219 .0590 1.215  .0326 1.128
6 .0487 1.115 .0573  1.133 .0775 1.169 0748 1.154 .0423 1.090
7 .0344 1.112 .0407 1.141  .0573  1.172 .0536 1.164 .0305 1.086
8 L0298 1.123 .0353 1.166  .0469 1.238 .0456 1.224  .0268  1.072
Cq,% 00 0.686 0.806 1.104 1.056 0.592
. . .645
Cy oo 763 .916 1.284 1.217

"
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No. 58 60 61 59 s2®
q, 57.9 58.3 58.1 57.9 78.9
U, 31.75 6 31.71 31.68 31.76 37.02
v 16.03 x 10™ 15.90 x 10~6 15.90 x 10~6 16.03 x 106 16.06 x 10~6
Re 4.02 x106 4.05 »x 106 4.045 x 106 4.02 x105 4.68 x 109
O 0.385 0.276 0.218 0.327 0.219
for p/q, 0.036 047 053 -043 - 047
0 0o (1] 0 (¢
Slot €¢/2%/00 Cp, €q/2% 00 Cp, €q/2% 00 Cpg €q/2°/00 Cp, Cg/2°%/00 Cog
1 0.0786 1.090 0.1338 1.127 0.1708 1.163 0.1025 1.100 0.1452 1.132
2 .0390 1.122 0662  1.207 .0818 1.258 .0515  1.147 .0649 1.186
3 .0360 1.091 .0606 1.129  .0760 1.157 .0468 1.100  .0645 1.121
4 .0363  1.069 .0604 1.079  .0753  1.087 .0464 1.072  .0637 1.076
5 L0373  1.144 .0634 1.232  .0863 1.308 .0490 1.171  .0728  1.237
6 .0483 1.105 .0822 1.152  .1091 1.204 L0628 1.127 .0922  1.166
7 .0348  1.098 .0601 1.161 0775 1.225 .0437  1.126 .0653 1.165
8 .0305 1.099 L0511 1.224  .0647 1.336 .0385 1.163 .0542  1.226
€q,%/00 0.682 1.154 1.480 0.882 1.246
C,,g°/oo . 749 . 1.338 1.791 .989 1.443
No. 64 70" 65° 66° 71t
q, 79.3 109.1 79.5 79.6 109.9
v, 37.27 44.07 37.32 37.34 43.97
v 16.32 x 108 16.80 x 10~6 16.32 x 10~6 16.32 % 10°6 16.38x 10°6
Re 4.63 X108 5.33 x 106 4.64 x 106 4.645 x105 5.45 x 165
6 0.259 0.231 0.294 0.328 0.186
for p/q, . 044 .038 ~041 -036 .039
O (1] o (¢ [o]
Slot €g/2%/50 Cpy €q/2% 00 Cpg €q/2% o0 Cp, €q/2% 60 Cp, €¢/2% 00 Cpg
1 0.1216 1.111 0.1356 1.114 0.1017 1.099 0.0895 1.093 0.1903 1.151
2 .0544  1.152 L0611  1.126  .0464 1.132 .0411 1.120  .0833 1.166
3 .0544 1.106 .0626  1.090 0462 1.095 .0406 1.088 .0864 1.103
4 .0537 1.074 .0632  1.069  .0460 1.071 .0409 1.068  .0868 1.079
5 .0610 1.199 .0678  1.161  .0512 1.175  .0458 1.157 .0938  1.211
6 0772 1.143 .0857  1.126  .0651  1.123 L0575 1.110 1204 1.177
7 .0542 1.133 0609  1.110 .0453 1.109 .0403 1.102 .0860 1.167
8 .0444 1.173 .0496  1.166 .0383 1.130 0334 1.101 .0690 1.262
€q,% 00 1.076 1.172 0.880 0.778 1.632
C.g°/oo 1.178 11.310 .982 .858 1.894

lyransi tion 10 millimeters ahead of trailing edge, individual turbulent bursts earlier.
2Individual turbulent bursts further forward.
3Frequent turbulent bursts further forward.

4Transition 5 millimeters ahead of trailing edge, individual turbulent bursts earlier.
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No. 27 30.1 32 LY
9, 69.8 89.5 85.0 54.8 103.8
v 35.15 35.3 39.0 31.2 42.8
g 16.60 x 1076 16.88 x 10~6 16.93 * 10~6 16.55 x 1078 16.45 x 1078
Re 2.188 x 108 2.160 x 108 2.382 x 108 1.946 x 10° 2.690 x 108
c, 0.232 0.232 0.232 0.232 0.232
Slot |{Q, x 103 o, Q x 1073 Cpg . Q x 1073 Cpg Q, x 1078 cpg Q,x 10°3 (:pg
1 0 0 0 0 0
3 0.070 1.258 0 0 0 0
3 0.287 1.483 0.332 1.477 0.403 1.477 0.260 1.472 | 0.496 1.488
4 0.254 1.653 | 0.260 1.550 0.313 1.545 0.202 1.527 | o0.383 1.551
5 0.279 1.521 | . 0.323 1.503 0.391 1.510 0.260 1.500 | 0.474 1.508
8 0.480 1.483 0.548 1.454 0. 667 1.460 0.445 1.449 | 0.807 1.463
7 0.647 1.443 0.661 ~ 1.457 0.800 1.457 0.538 1.447 | 0.966 1.456
8 0.377 1.389 0.471 1.358 0.581 1.361 0.391 1.357 | 0.701 1.355
9 0.854 1.317 | 0.680 1.202 0.828 1.301 0.560 1.292 | 0.988 1.300
10 0.335 1.230 0.346 1.227 0.410 1.228 0.279 1.223 | 0.497 1.224
11 0.522 1.151 | 0.510 1.139 0.781 1.148 0.531 1.14¢ | o0.830 1.149
12 0.315 1.121 | 0.312 1.113 0.393 1.117 0.261 1.116 | 0.460 1.113 —
13 0.387 1.024 | 0.374 1.020 0.544 1.038 0.374 1.032 | 0.635 1.036
14 0.506 0.972 | 0.390 0.950 0.457 0.954 0.321 0.944 | 0.544 0.955
1: 0.083 1.189 | 0.043 1.167 0.084 1.176 0.055 1.181 | 0.115 1.186
2! 0.288 1.209 | 0.295 1.189 0.390 1.198 0.260 1.195 | 0.471 1.194
3, 0.166 1.175 0.149 1.123 0.192 1.133 0.136 1.136 | 0.236 1.134
4 0.191 1.160 | 0.133 1.120 0.169 1.134 0.118 1.133 | 0.204 1.131
5 0.225 1.158 | 0.234 1.108 0.312 1.115 0.218 1.114 | 0.374 1.112
61 0.368 1.127 | ©6.331 1.107 0.430 1.119 0.297 1.117 | 0.516 1.119
7' 0.315 1.100 | ©0.382 1.075 0.520 1.082 0.363 1.078 | 0.621 1.079
8’ 0,503 1.021 0.534 1.015 0.682 1.018 0.473 1.016 | 0.810 1.012
9* 0.359 1.007 | 0.375 1.006 0.502 1.018 0.350 1.017 | 0.301 1.016
10t 0.809 0.989 0.824 0.971 0.9086 0.984 0.725 0.980 1.210 0.983
Cq ©/00| 0.784 No. 0.792 0.807 0.762 0.980
“aﬁ " 0.506 21.1 21.2 21.3 0.503 0.576 No. 30.2 0.516 No. 82.8( 0.610 No. 34.2
cg " 1.290 1.340 1.470 1.572 | 1.295 1.483 1.578 1.278 1.253 1.600 1.680
c'g " 1.557 1.622 1,790 1.928 | 1.560 1.790 1.905 1.526 1.490 | 1.938 2.045
v " 0.838 0.755 0.678 0.657 | 0.720 0.590 0.520 0.880 0.930 | 0.590 0.550
Cy, " 2.395 2.377 2.468 2.585 | 2.380 2.380 2,425 2.406 2.420 | 2.526 2.596

On both sides laminar up to the trailing edge
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No. 35 36.2 38.1 39 40
9 38.1 25.0 85.4 70.4 39.7
V, 26.4 , 21.1 31.32 35.3 26.5
= 16.60 % 10~6 16.62 x 10°8 16.45 x 10~6 18.52 * 10~6 16.56 % 10~8
Re 1.639 x 106 1.309 x 108 1.965 x 106 2.206 » 108 1.655 » 108
€, 0.232 0.232 0.372 0.372 0.372
_ _ ~3 - -
Slot q, x 1073 cpg q, x 1073 cpg Q, % 10 ch Q, x 1673 cl,g Q, x 1073 ch

1 0 0 0 0 0
2 0 0 0 0 o
3 0.192 1.467 0.168 1.480 | 0.398 1.624 | 0.488 1.630 | 0.302 1.615
4 0.147 1.527 0.131 1.562 | 0.278 1.636 | 0.343 1.651,] 0.216 1.635
5 0.193 1.501 0.170 1.534 | 0.359 1.576 | 0.440 1.580 | 0.285 1.574
8 0.335 1.448 0.296 1.467 | 0.568 1.611 | 0.604 1.511 | 0.449 1.505
7 0.398 1.454 0.356 1.480 | 0.601 1.487 | 0.840 1.490 | 0.542 1.487
8 0.297 1.360 0.260 1.378 | 0.472 1.385 | 0.574 1.385 | 0.374 1.385
9 0.428 1.290 0.376 1.304 | 0.683 1.311 | 0.822 1.318 | 0.543 1.307
10 0.254 1.229 0.218 1.246 | 0.393 1.236 | 0.472 1.235 | 0.323 1.238
11 0.403 1.145 0.323 1.164 | 0.616 1.154 | 0.754 1.155 | 0.496 1.155
12 0.253 1.126 0.210 1.146 | 0.288 1.115 | 0.350 1.118 | 0.267 1.124
13 0.300 1.036 0.270 1.063 | 0.403 1.019 | 0.484 1.027 | 0.361 1.027
14 0.400 0.981 0.424 1.019 | 0.335 0.939 | 0.400 0.941 | 0.386 0.965
1! 0.048 1.189 0.038 1.212 | 0.025 1.025 | 0.032 1.028 | 0.022 1.023
2! 0.146 1.172 0.124 1.203 | 0.121 1.049 | o0.292 1.048 | 0.086 1.048
3! 0.104 1.138 0.090 1.156 | 0.064 1.050 | 0.076 1.051 | 0.055  1.053
4! 0.093 1.138 0.081 1.162 | 0,060 1.052 | 0.072 1.053 | 0.053 1.053
5 0.170 1.118 0.148 1.135 | 0.099. 1.068 | 0.119 1.049 | 0.080 1.056
6! 0.228 1.118 0.198 1.143 | 0.149 1.043 | 0.180 1.043 | 0.119 1.042
7 0.281 1.078 0.242 1.095 | 0.217 1.028 | 0.262 1.028 | 0.176 1.027
8¢ 0.366 1.018 0.316 1.035 | 0.355 0.981 | 0.410 0.979 | 0.310 0.982
9 0.256 1.019 0.220 1,043 | 0.262 0.979 | 0.314 0.978 | 0.239 0.989
10! 0.726 1.006 0.642 1.030 | 0.756 0.980 | 0.888 0.954 | 0.708 0.975

c%o/ao 0.733 0.816 0.940 1.062 1.009 1.014 0.922

o, 0.492 No. 35.2 | 0.534 0.362 0.396 0.331 0.398 No. 39.2 39.3 0.377

cq 1.225 1.300 1.350 1.302 1.458 1.380 1.340 | 1.412 1.376 1.486 | 1.299

¢y " 1.454 1.555 1.632 1.618 1.828 1.737 1.681 | 1.761 1.710 1.857 | 1.594

cf. a 1.020 0.910 1.110 0.748 0.668 0.693 0.707 | 0.657 0.692 0.635  0.90

c': " 2.472 2.465 2.742 2.366 2.496 2.430 2.388 | 2.418 2.402 2.492  2.494

No. 38.2 38.3 38.4

On both sides laminar up to the trailing edge
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No. 41 43.1 44 46 a7
q, 25.5 55.8 71.80 39.9 25.8
v, 21.2 31.4 35.70 26.46 21.24
v 16.36 x 10~8 16.47 x 1076 16.60 x 10~6 16.25 %X 1075 16.25% 10~6
Re 1.337 % 108 1.968 % 106 2.220 x 108 1.682 x 108 1.352 x 106
C, 0.372 0.480 0.480 0.480 0.480
slot | Q x 1073 Cp, | %* 1073 Cp, | % 1073 Cp, | % X 1073 Cp, | % 103 Cp,
1 0 0 0 0 0
2 0 0 0 ' 0 - 0
3 0.218 1.617| 0.2461 1.736 | 0.530 1.718] 0.354 1.736 | o0.257 1.726
4 157 1.657 .324 1.769 .372 1.736 | .251 1.749 .184 1.745
5 208 1.593 .439 1.668 500 1.845| .345 1.665 .258 1.664
6 338 1.510] .662 1.577] .154 1.563 .518 1.568 .392 1.564
7 .406 1.505 .805 1.558 .920 1.536| .610 1.549 471 1.552
8 .283 1.397 .548 1.431 .628 1.413 .430 1.429 .325 1.427
9 411 1.815| .786 1.353 .894 1.342 .622 1.348 -470 1.347
10 .245 1.246 | .465 “1.268 | .526 1.255 367 1.266 .281 1.268
1 | .97 1.163 .630 1.166 .718 1.159 |  .494 1.165 .370 1.171
12 215 1.140 .310 1.134 | .345 1.122| .263 1.136 .220 1.144
13 .280 1.047 426 1.045 454 1.033 .370 1.046 .300 1.053
14 .392 1.008 | .322 0.940 .330 0.934 | .404 0.964 400 1.004
1 .015 1.036 .017 L9653 | .020 .940 012 .945 .009 0.950
2¢ .069 1.058 | .082 .993 .092. .088| .063 .990 .048 .994 ’
31 .020 1.061 .050 .993 | 057 .987 .036 .996 .027 .999
FE .018 1.062 | .031 1.011 .036 1.005 | .017 1.010 .011 1.010
5 .060 1.056 | .063 1.007 .074 1.004 | .053 1.013 .043 1.018 .
6' .090 1.047 .103 1.015 | .115 1.010 .078 1.013 061 1.013
7 .133 1.033 .125 1.007 .141 1.004| .120 1.005 .093 1.005
8t .256 0.991 | .227 0.967 .257 0.963 .280 0.967 .249 0.976
gt .195 1.005 | .219 975 | .248 .960 .232 .976 .193 .988
10 .580 0.988 <794 +948 « 887 .943 .660 +953 .535 984
Cq,%/0 | 0-896 1.057 1.050 1.020 No. 45 0.979 | 0.993
Cqy * 364 No. 41.2 | 0.293 No. 43.2  43.3 | 0.290 0.315 .287 .320
Cq " | 1.260 1.815 | 1.850 1.390 1.430 | 1.340 1.362 | 1.335 1.266 | 1.313
v " 1.551 1.624 | 1.770 1.828 1.882 | 1.740 1.772 | 1.717 1.650 | 1.678
,,g' " 1.13 1.10 | 0.735 0.695 0.660 | 0.710 0.680 | 0.850 0.935 | 1.075
,,“ » | 2.681 2.724 | 2.505 2.523 2.542 | 2.450 2.452 | 2.567 2.585 | 2.753
on
On both sides laminar up to the tralling edge
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No. 54 55.3 56.1 57.3
a9, 22.2 29.3 40.4 18.05
v, 19.63 22.58 26.56 17.75
v 16.07 x 10~6 16.07 x 10~6 16.17x 1079 16.17 x 10~9
Re 1.260 x108 1.450 x 105 1.696 x 109 1.134 x 109
c, 0.163 0.587 0.587 0.587
-3 -3 -3 -
slot | Q, x10 Cp, [Qax107 Cp, | Qax10 Cpp  |taX10 3 Cp,
1 0 0.328 1.748 | 0.424 1.761 | 0.220 1.732
2 0 .187 1.792 .243 1.804 .125 1.792
3 0.121 1.399 .404 1.820 522 1.819 .276 1.823
4 116 1.489 .169 1.796 .218 1.795 .116 1.797
5 .166 1.466 273 1.750 .349 1.749 .187 1.769
6 .247 1.420 | .4982 1.661 .624 1.664 .344 1.661
7 .301 1.424 | .543 1.624 .697 1.619 .379 1.636
8 .209 1.339-{ .390 1.487 .496 1.484 <275 1.504
9 .305 1.271 | .580 1.401 .736 1.404 407 1.412
10 .123 1.196 .333 1.307 .426 1.299 .236 1.320
11 .266 1.146 | .436 1.182 560 1.178 .296 1.200
12 .245 1.131 | .213 1.170 .272 1.165 146 1.190
13 .287 1.057 | .298 1.074 .378 1.075 .286  1.135
14 476 1.044 | .351 0.979 .439 0.983 .558 1.157
11 087 1.255 0 0 0
2 144 1.268 0 0 0
3¢ 075 1.205 0 0 0
4 .116 1.156 0 0 0
51 .276 1.213 .028 .971 .036 .970 .021 0.980
6! 210 1.155 .059 . 988 070 .988 042 +995
71 .261 1.096 .072 .987 .086 . .988 .073 1.001
8" .295 1.018 .158 .950 .197 .949 116 0.959
9" .252 1.042 146 .956 .185 . 960 .096 .970
10° .518 0.972 | .548 .928 .681 .931 .555 .977
Cq,%%0| 0.784 1.286 1.167
Cq, " 611 No. 55.2  55.4 | 0.264 No. 56.2 | 0.273
Cq 1.395 1.430 1.405 1.480 | 1.550 1.597 | 1.440
Cog " 1.644 1.985  1.936 2.045 | 2.154 2.221 | 1.975
Cy' " 1.360 0.95 0.97 0.92 0.730 0.710 | 1.145
Gy " 3.004 2.935 2.906  2.965 | 2.884 2.931 | 3.120

On both sides laminar up to the trailing edge




Figs. 1,2 NACA TM No. 1181
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Figure 1.- Influence of the transition-point position on the profile drag
for various profile thicknesses; Re = 16 X 106.
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Figure 2.~ Influence of the transition-point position on the profile drag
for various Re; d/t = 0.16.
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Figure 6.- Body of revolution d/L = 0,212, angle of attack = o°.
Pressure distribution and transition start (vertlcal arrow) at

L = 1,62 X 106 and 2.29 x 106 Drag variation ¢,  as

a function of ReL U-Ii (c Cwo 18 referred to the surface of the

body). The drag 1ncrease for larger Re is caused by the wind-
tunnel turbulence.
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Figure 8.~ Laminar profile d/t = 0.140, t=0.70m (fig. 12).
Transition-point position on the upper surface for various Re
(observations by stethoscope). a, = transition start, x, = start of

the developed turbulent boundary layer measured from the front.
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NACA TM No. 1181 : Fig. 14
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Figure 14.- Laminar profile for wing, d/t = 0.14, t= 0.250 m (fig. 13).
Profile-drag polars (momentum measurements) for various trailing-edge
aileron deflections BQ‘ Aileron slot between upper and lower surface

sealed. Re = 1.07 x 10P.
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NACA TM No. 1181 Fig. 17
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Figure 17.- Laminar suction profilé 2 with a single suction slot on the upper
surface. d/t = 0.0675 in 0.394t from the front. Profile 1, d/t = 0.09,
~ without suction. ‘
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NACA TM No. 1181 Figs, 19-21
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Figures 19,20,~ Laminar suction profile 2, Total drag cy (cp) and drag
® g

contribution of the wake c '(c:Q) for various Re, s = 1.3 millimeters,
e

08 Re 1010°

Figure 21.- Laminar suction profile 2. Optimum suction quantity cQopt
and pertaining static pressure cpao ; in the suction chamber for
P

optimum total drag, s = 0.9 millimeter and 1.3 millimeters.




Figs. 22,23 ‘ NACA TM No. 1181

a) ; ,‘,slv\) \’ f\ﬁ"

f

B “.’.‘.‘.‘IM\\MWW’NM

9

Figure 22.- Hot-wire photograph, 30 millimeters ahead of the trailing
. edge on upper side 0.2 millimeter over the surface. (a) Without
suction, slot closed: turbulent; (b) time trace (f = 400/sec); (c) with
suction: laminar, cg = 0.0009 Re = 275,000, u' /Uy = 0.0044.

B

b)

Figure 23.- Hot-wire photograph, 30 millimeters ahead of the trailing
edge on upper side 0.2 millimeter over the surface. (a) Without
suction, slot closed: turbulent; (b) with suction (¢~ = 0.0016): -
laminar; (c) time trace (5600/sec), Re = 790,000, Q‘u'/‘U‘ = 0.0040.

s



NACA TM No. 1181 Figs. 24,25

Figure 24.- Boundary-layer observation with soot coating for laminar
suction (everything laminar with the exception of the edge of the
boundary layer).

’I‘urbnlemm_ wirs g

Figure 25.- Boundary-layer observation with soot coating with horizontal
turbulence wire (greatest part turbulent).
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Figure 26.- Laminar suction tests with three single suction slotskarranged
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Figure 27.- Shape of the suction slot (a).
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Figure 28.- Laminar suction tests with three suction slots. Static
pressure at the test plate for various suction quantities and tunnel

widths.
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Figure 29.- Laminar suction tests with three suction slots., Static
pressure at the test plate for various suction quantities and tunnel

. A
widths. q/gm=1- q%l b= 0.40 m.

Table to figure 29,

Tunnel 1073 m¥s
Na. wigth | Im KEME | o145 . Q ) 5
mm

i 60 8.07 2.09 2,66 2,55
2 60 7.50 1.66 2.14- 213
3 60 ER 2.88 365 339
4 60 815 3.79 475 4.34
5 60 820 136 1.12 187
T 60 817 Without suction
9 40 14.6 376 466 424
8 40 129 Without suction

i1 80 8.2 1.92 229 217




NACA TM No. 1181 | . Fig.

Figure 30.- Flow photographs in the water tank with laminar boundary-
layer suction. Flow direction from the left.



NACA TM No. 1181 Fig. 31

Figure 31.- Flow photographs in the water tank with laminar boundary-
layer suction. Flow direction from the left.




NACA TM No. 1181 Figs. 32-34

Figure 32.- Flow photographs in the water tank with laminar boundary-
layer suction. Flow direction from the left.

Figures 33,34.- Flow photographs in the water tank with laminar
boundary-layer suction. Flow direction from the left.
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Table to figire §5.
-3 . 10-4
Test | s mm | A mm Q, 10 Im | rest {smm|Amm Qa Im
SmmiAm ms QAIQJ* kgmt ™ifs Ql@s kg/m?
23,1} 085] 035 1.97 0,268 8.14 29.; 0.85 0.35 g;; gégﬁ glg
2 1.24 0.:170 . 085 1
3 077 0.106 3 0.55 0,063 | 4.07
4 0.60 0,082 4 1.14 0187 116,28
25.1 ) 0801} 060} 080 0,109 816 130.1 | 0,85 0.7 082 0113 | &14
2 1,25 | 0171 p3 064 | 0087 | 814
3 1,95 0270 3 036 0.092 | 4.07
4 0.67 0,085 4 117 ‘0.134 1628
5 0 0 5 08l 0111 8.14
28,1 | 085 0 1.25 0.171 8,15
2 0.79 | 0.108
3 0,61 0.084

Figure 35.- Laminar suction tests with the single suction slot (a). 'Opposite
wall V, tunnel width 80 millimeters. Tests 23, 25, 28, 29, 30: Influence
of the suction quantity Q, and the shifting of the slot trailing edge on the

pressure distribution (sink effect).
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Figure 36.- Laminar suction tests with the slot (a). Tunnel width 80 milli-
meters. Tests III, IV, V,. VI: Influence of the suction quantity and slot

width on the pressure distribution (sink effect). q, = 8.15 kg/m®,

Table to figure 36.

Test [smm|hmm|Q, 10-3m¥%s| @, Qx| Test [smm| Amm|Q, 1073 m¥s| @ Qs

I, 1 | 052 03 0,80 0.109 v.a | 02 | 015 0.19 0.026
2 0,63 0.086 o) 042 0.057
3 0,44 0.060 6 0.32 0.043

iv.1 | 03 0.2 0.313 0042 | VL1 {71,251 05 1.97 0.270
2 0.235 0.032 2 1,26 0,172
3 0405 0.055 3 0.83 0.ti4

Test plate b

Test plate a’
ZZZZZ%%ggééggggégggzgzzz;;;%;

Figure 37.- Shape of the test plate (b) and (d) with the single suction slot (b)
(fig. 38). It was located at the place of the first slot in the tests with
three slots (chapter 5, 1).
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Figure 38.- Straight suction slot (b) with various degrees of shifting h of
the slot trailing edge. Suction slot (i) curved forward (chapter 6, 2).
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Figure 39.- Laminar suction tests with the suction slot (b), test plate (b),
tunnel width 80 millimeters, slot width s = 0.8 millimeter, shifting
h = 0.9 millimeter, influence of the suction quantity Qg on the

laminar-pressur: increase up to the transition (arrow) and on the
sink effect.

i

Ne. | 13A 12A 1A 10A 9A 1A SA 2A
Q107 m¥s 3,81 2,29 1.54 1,24 1,03 0,80 0,65 1,14
QolQss 0526 0316 0213 0,172 0143 0,109 0090 0,132

9, kg/m? 815 815 815 815 815 815 815 1628
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Figure 40.~ Laminar suction tests with the suction slot (b), test plate (b),
40-millimeter tunnel width, s = 0.8 millimeter, h = 0.9 millimeter,

dmy = 16.3 kg/mz. Influence of the suction quantity Q5 on the laminar-
pressure increase up to the transition (arrow) and on the sink effect.

No. [ 193 183 179 1609 1509 403
Q.- 1073 m¥s 5,61 4,07 2,76 1,19 1,59 201
Qul@se 0674 0483 0328 0,141 0,189 0239

0 20 40 60 80 x cm
s=‘pnmJ
h= "
02 10"
Las
N\
X ] 1~
06 \\ kx — a
°ﬂ N S| Transition
10 N , 3
' U= 3261 kGt 0,-000767 M4
% s ' orrag
m

Figure 41.- Laminar suction test with slot (b) (L. 25), test plate (b)
40-millimeter tunnel width, s = 1.3 millimeters, h = 1.0 millimeter,

Ay, = 32.6 kg/m?, Qg = 0.00767 m3/s = 0.77 x Qa*.
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Figure 42.- Laminar suction tests with slot (b), test plate (b), 40-millimeter
tunnel width, s = 0.8 millimeter, qp, = 16.3 kg/m?, Q, = 0.00201

m3 /s = 0,239 % Qa* Influence of the shifting h of the slot trailing edge
(fig. 38) on the laminar-pressure increase up to the transition (arrow)
and the sink effect.

Test l 1413 1409 1405 1402 14-03

Amm |13 09 06 02 —03
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Figures 43,44.- Laminar suction tests with slot (b), test plate (b), 40~
millimeter tunnel width, s = 0.8 millimeter, Qm = 16.3 kg /m2,

Pressure distribution up to the transition (arrow) for-considerable

outward shifting (h = -0.3 mm) or inward shifting, respectively,
(h = 1.3 mm) of the slot trailing edge.
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Figure 46.- Suction slot (g).

Figure 45.- Laminar suction tests with slot (b), test plate (d) (fig. 3'7)
40-millimeter tunnel width, s = 0.8 millimeter, q,, = 16.3 kg/m .
Influence of the suction quantity Qg on the laminar-pressure increase
up to the transition (arrow) and the sink effect.
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suction quantities Q,/Q8*, stagnation pressures q,, and slot
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38), 40-millimeter tunnel width, d,, = 16.3 kg/mz. Static pressure

1-4p /qm in the suction slot for various suction quantities Qa/Q &%,
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Figure 62.- Laminar suction tests with suction slot (i) curved forward
(fig. 38), test plate (b), s = 1.45 millimeters, 40-millimeter tunnel

width. Static pressure in the suction chamber for various suction
quantities and stagnation pressures.
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Figure 63.- Laminar suction tests with forward curved suction slot (i)
(fig. 38), test plate (b), S = 1.45 millimeters, 40-millimeter tunnel
width., Velocity distribution at the slot exit for various suction
quantities, q,, = 32.7 kg/m2. The slot flow undergoes laminar
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Figures 82-85.,- Velocity distribution u/U (y) in the boundary layer at
the point G 9 millimeters behind the slot VIII for various Re and

suction quantities.
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Figures 86,87.- Velocity distribution u/U (y) in the boundary layer at the
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Figure 88.- Drag variation c (Re) without suction (curve a) and with
WN

laminar suction (curve b), suction blower power included. Presuppo-
sitions: N = 1 and acceleration of the sucked air to U,. The

kinectic energy of the sucked air in the suction chambers was taken into
consideration. ¢y  is calculated for both wing sides. The drag

-]

increase for higher Re is caused by the wind-tunnel turbulence.

1 = laminar friction of the flat plate (Blasius (47)), t = turbulent

friction of the flat plate (Schlichting), (a)= c, without suction,
-

(b) = ¢y with suction, (c)=cy with suction, if there were two more |

suction slots arranged behind slot VI (mathematically), (d) = 0.787cyR3-
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Figures 99-102.- Laminar-suction profile, d/t = 0.105, Pressure distri-
butions along the chord for various c,. Intest 21 the sink effect is

weaker than in the corresponding test 27.
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Figure 103.- Laminar-suction profile, d/t = 0.105. Pressure distri-
butions along the chord for ¢y = 0.587.
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Figure 104.- Profile 32, d/t = 0.060, smooth wing, and with disturb-
ances (1) and (2).



NACA TM No. 1181 | | Figs. 105-107

G G
osl- Without — - m‘“ 'rb ol 4
or disturbance ( . urbance 1.
UG
as 7477:::\ ﬁ\i\\ o_s,_;m‘
" iy \ §L 08 }E_ §
(NESNAR RN AL
02 [ // Q2 J\\‘\
/
0 a
o 4&"' o Cve
0004 opos Qo o1 Qoos [ on2 e
Figure 105.- Profile-drag polars Figure 106.- Profile-drag polars
of the profile 32 without disturb- of the profile 32 with disturb-
ances (smooth wing). ance 1. :
C,l Disturbance 2.
@ ® 4
@ <l
" /]
Qs E{
ol ThSs
» S
Qs
) 1 Cum,

Qo0s 0008 Qo o

' Figure 107.- Profile-drag polars of the profile 32 with disturbance 2.
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